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ABSTRACT

This dissertation reports a series of experiments directed towards nonlinear
material characterization. A series of organic molecules, semiconductors, liquid crystals
and inorganic clusters are investigated with Z-Scan and excite-probe measurements in
order to determine the magnitude and dynamics of their nonlinear absorption and
refraction. Much of this work is motivated by our search for a better optical limiter. The
nonlinear absorption mechanism leading to optical limiting is investigated and its physical
parameters are determined. The reverse saturable absorption (RSA) spectrum of several
organic dyes is obtained in the visible in a single measurement by using an ultrafast
nonlinear spectrometer. This system is based on a pump-probe experiment using an
ultrashort continuum white-light pulse as probe. The continuum pulses are obtained by
focusing millijoule 150 fs pulses at 850 nm into a water cell. The 850 nm wavelength
pulses are produced from a Ti:Sapphire oscillator amplified by a Cr+3 :LiSAF based
regenerative amplifier. By varying the time-delay between the pump and the continuum
probe, we have obtained the time evolution of the nonlinear·spectra.
Purely refractive two-beam coupling is demonstrated in transparent Kerr liquids using
frequency chirped picosecond pulses with different polarization combinations. Theoretical
modeling and experimental results are consistent with energy transfer from transient

refractive gratings that are due to stimulated Rayleigh-wing scattering. The signals
measured are sensitive to response times considerably shorter than the pulse width. Using
a lock-in amplifier detection technique which enables us to measure normalized changes in
probe beam energy as low as 10-5 with 100 fs pulses, we demonstrate the possibility of
measuring sub-femtosecond Debye-type relaxation times for the nonlinear refractive index.
Far away from the Raman resonance we can obtain a Debye-type relaxation equation
which, when applied to the two-beam coupling theory yields sub-femtosecond quasiresponse times. The signals obtained in dielectrics such as Si 0 2 and PbF2 are, however,
consistent with the Raman gain because the frequency difference between the pump and
probe beams in these particular experiments is large enough to excite vibrational motion of
the nuclei. We use the two-beam coupling signal to obtain the low frequency Raman
spectrum for SiO2 and PbF2 for detunings from 0 up to 10 THz (approximately 300 cm- 1).
We also demonstrate that, by knowing the response time in the case of a Debye relaxation
process or the low frequency Raman gain spectrum in the case of a nuclear nonlinearity,
we can determine the chirp of the laser pulses.
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INTRODUCTION

Nonlinear optics became a separate field with the discovery of second-harmonic
generation by Franken et al. in 1961 [ 1]. The nonlinear optical effects were not studied
before 1961 because they require sufficiently intense light to modify the physical
properties of the media. This was made possible in 1960 by Maiman's demonstration of
the first laser [2]. It is accepted that the frequency domain for optics ranges from 3xl0

12

to 3x 10 15 Hz, covering from the far infrared to the ultraviolet. Until 1961 nonlinear
interactions have been studied at lower frequencies than optical, i.e, in the range of audio

(10 - 104 Hz), radio (104 - 3xl08 Hz), and microwave (3x10 8 - 3xl0 12 Hz) frequencies.
Frequency mixing, harmonic generation, nonlinear amplification, etc. are just a few
examples of nonlinear processes in electronics. Other effects like parametric generation
and amplification were well studied in the microwave region. Some nonlinear interactions
involving lig?t were studied before, but not treated as being nonlinear optical processes,
e.g., electro-optic effects (Pockels and Kerr effects), magneto-optical effects (CottonMouton effect), and light scattering (Raman, Rayleigh or Brillouin).
12

The discovery of the laser gave man a light source 10 times more powerful than the
classical light sources, making possible the detection of electric field perturbations inside
the media. This lead to the formation of a new field, nonlinear optics [3], closely

connected with quantum electronics, classical electronics, and classical optics. Parallel
with, and demanded by, the search for new effects in the interaction between the light and
matter emerged the need for materials with strong nonlinear properties.
Today nonlinear optics is a self-contained specialty of physics, with well defined
implications in both fundamental and applied research. Fundamental research in nonlinear
optics in the last 20 years lead to the discovery of many effects, such as: obtaining
coherent light via harmonic generation [ 1,4], frequency mixing [5], parametric generation
and amplification [6-8], stimulated Raman scattering [9,10]; optical propagation through
nonlinear media (e.g., effects of nonlinear absorption and nonlinear refraction [11]), etc.
Applied research covers many interests such as: ultrashort pulse generation [12, 13], high
power laser development (and protection against high power, i.e., optical limiting [14]),
development of nonlinear optical devices for optical communication, etc.
The scope of this dissertation is to study the nonlinear behavior of different types of
media, mainly to understand some of the mechanisms leading to nonlinear absorption and
refraction of light in the interaction with matter. Optical limiting (i.e., maintaining the
optical power of a transmitted laser beam below a certain limit without affecting the beam
at low powers [ 14]) is one of the practical reasons for characterizing these materials.
Reverse saturable absorbing (RSA) materials (exhibiting lower transmittance for higher
energy input pulses) are desirable for optical limiting [14-18]. A series of experiments
characterizing the nonlinear optical properties of these materials are presented together
with the theory leading to a better understanding of the nonlinear mechanisms involved.

2

Chapter 1 begins with an introduction to nonlinear optics meant to familiarize the
reader with the physical parameters needed to characterize the nonlinear interaction
between light and matter. Next we introduce optical limiting and describe the requirements
for a material to be considered a good candidate for optical limiting.
Chapter 2 presents a series of measurements of the nonlinear absorption and refraction
in a variety of materials using a very powerful experimental tool, the Z-Scan technique
[19]. Excited-state absorption (ESA) and two-photon absorption (2PA) are nonlinear
mechanisms studied both experimentally and theoretically in several materials. In both
cases the physical parameters that govern the mechanisms are measured and compared
between the studied samples: the excited state absorption and refraction cross-sections for
ESA; the two-photon absorption coefficients and the nonlinear refractive indexes for the
2PA process.
The determination of nonlinear optical parameters that characterize the nonlinear
optical response of the materials is continued in Chapter 3. After a short introduction, a
pump-probe experiment will be presented as a tool of monitoring the dynamics of the
nonlinearity, i.e., measuring the lifetimes involved in the nonlinear transitions leading to
optical limiting. The theory for the temporal behavior of ESA materials is presented
together with experimental data obtained in several organic dye solutions. By monitoring
the decay of the nonlinear absorption we can determine the lifetimes of the excited states.
In the case of the 2PA materials (e.g., semiconductors with higher band gap than the
photon energy) the data, and the theory used to fit the data show the temporal behavior of
the instantaneous 2PA process and the long lived excited state absorption induced by it.
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The time dependence of the nonlinear absorption gives us the lifetime of excited state. In
search of a better optical limiter it is important to study other nonlinear processes. For
example we show how pump-probe and optical limiting experiments help investigate the
role of nonlinear scattering in the transmission loss at high inputs for metallic clusters.
Optical limiting over a wide frequency range being required, further studies are needed
at different wavelengths because the complicated band structure of ESA materials makes
them good optical limiters at a certain wavelengths, but poor limiters at other
wavelengths. For example, if the excitation is within a strong linear absorption band,
saturation of linear absorption can occur, leading to the opposite effect of optical limiting,
i.e., increasing transmittance at higher inputs (saturable absorption). In order to measure
the spectral dependence of the nonlinear absorption, the construction and use of a
nonlinear optical spectrometer is presented in Chapter 4. The pump-probe experiment in
this case uses an ultrashort continuum white-light source as a probe beam, so that, with an
appropriate detection system, information about the nonlinear response of the material is
collected over the entire spectrum of the continuum in a single-shot measurement. This
very powerful tool requires a highly energetic femtosecond source. The system contains an
Argon-Ion pumped Ti:Sapphire oscillator and a regenerative amplifier based on a
Cr:LiSAF crystal. The output of this system is focused into water and, due to the highly
nonlinear processes manifested at such high irradiances, a continuum white-light pulse is
generated with a duration on the time scale of the producing femtosecond pulse. The
study of the nonlinear optical properties over a wide frequency spectrum provides us with
the opportunity of using the Kramers-Kronig relationships that relate nonlinear absorption

4

to refraction. Considerations about applying Kramers-Kronig relations to nonlinear optics
are presented together with nonlinear absorption and refraction spectra. By varying the
time delay between the pump and probe beams, the time evolution of these spectra can be
observed both in the picosecond and nanosecond regime. This information will prove to be
valuable for deciding upon the materials used as optical limiters.
In performing pump-probe measurements sometimes we have to deal with coherent
artifacts due to scattering from absorptive gratings given by changes in the nonlinear
absorption due to the interference between the pump and probe beams [20,21]. In Chapter
5 we will present a coherent artifact leading to energy coupling in the absence of nonlinear
absorption, i.e., scattering on purely refractive gratings due to non-instantaneous nonlinear
refractive index. The two-beam coupling process appears between chirped pulses. We will
predict theoretically and demonstrate experimentally that in Kerr liquids the energy
transfer is caused by stimulated Rayleigh-wing scattering (SRWS). Knowing the relaxation
time of the rotational nonlinear refractive index for CS 2 , we will obtain a two-beam
coupling signal as a measure of the chirp of the pulses. Independent measurements of the
chirp of the picosecond pulses will confirm our findings.
In Chapter 6 we will present a generalized theory for the chirped two-beam coupling
assuming any amplitude and phase functions for the input beams. The theory predicts the
possibility of measuring limitlessly small Debye relaxation times. Practically, using the
shortest pulses available to us ( 100 fs ), the sensitivity of the introduced method to subfemtosecond relaxation times is conditioned by the ability to measure changes in
transmittance on the order of 10-5 • This allows measurements of< 10- 16 sin normal
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materials in the absence of competing effects. We will demonstrate the means of
measuring such signals by using chopper and lock-in amplifier based detection techniques.
We will also present other applications of this very high signal to noise ratio detection
system, such as measuring higher order nonlinearities (e.g., three-photon absorption).
Using large band-gap dielectric media we will present measurements compatible with subfemtosecond Debye relaxation times. In the samples studied, however, the nuclear
vibrational motion is excited during the interaction. We will show evidence that stimulated
Raman scattering (SRS) is the cause of the two-beam coupling in this case. We will
demonstrate at the end of Chapter 6 that the two-beam coupling using chirped pulses can
give a measurement of the low-frequency Raman spectrum. In either of the cases studied
(i.e., Debye relaxation process or Raman scattering), by quantitatively having
characterized the nonlinear process involved (i.e., knowing the relaxation time or the
Raman spectral gain, respectively) the chirp of the laser pulse can be inferred.
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CHAPTER 1

NONLINEAR ABSORPTION AND REFRACTION
FOR OPTICAL LIMITING

The beginning of the field of nonlinear optics is generally attributed to the work in
1961 of Franken et al. on second harmonic generation [1] and Kaiser and Garrett on twophoton absorption [2] shortly after the invention of the laser in 1960. Self-focusing from
nonlinear refraction was not studied until a few years later by Chiao et al. [3]. In this
chapter we intend to introduce some of the physical concepts and parameters used to
describe nonlinear interactions between the electrical field and the media and the
relationships that govern these interactions. We introduce the nonlinear absorption and
refraction and the equations that gives rise to them through the response of the material.
After defining the physical response parameters of the medium, we present the basics of
optical limiting and discuss the nonlinear optical properties required for a medium to be
considered an optical limiter.
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1.1 Introduction to Nonlinear Absorption and Refraction

In order to describe the interaction of light with the matter, the response of the
medium is described by the polarization

P, which depends upon the strength E of the

applied electric field. In MKS units we obtain the following expansion:

p =eo(X(l) E + X(2) £2 + x(3) £3+ ...) = p(l) + p(2) + p(3)+... '

(1.1)

where X <n> represents the n-th order optical susceptibility (a rank n+ 1 tensor [4]) and e 0
is the permittivity of the vacuum. In linear optics, the polarization depends linearly upon
the electric field, i.e., only the first term in the expansion from Eq.1.1 is considered. This
way, X 0 > characterizes the linear interaction with the medium and describes what are
commonly known as the index of refraction and absorption coefficient of the material.
Under intense illumination, the electric field inside the material becomes comparable with
the electric fields that bind matter together and the polarizability of the material becomes
dependent on the applied electric field. Hence, higher order terms have to be taken into
consideration in the dependence of the polarization on the electric field. The second order
term (x<2)) is responsible for nonlinear effects such as sum and difference frequency
generation, second harmonic generation, optical rectification, linear electro-optic effect,
and parametric emission. The next term in the expansion for the polarization (given by the
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third order nonlinear susceptibility tensor x< 3>) gives rise to such effects as: third harmonic
generation, d.c.-induced second harmonic generation, nonlinear refraction, two-photon
absorption, optical Stark effect, stimulated Raman and Brillouin scattering, and fourphoton parametric fluorescence.
For media with inversion symmetry the even-order susceptibility tensor elements are
identically zero [5]. Since purpose of this dissertation is self-action processes only, we are
looking only at terms in the polarization that oscillate at the same frequency as the input
electric field. The even terms do not contribute (except through cascading), so that only
the odd terms are to be used. To define the nonlinear absorption and refraction we assume
a monochromatic input electric field (at frequency ro) traveling along the z-axis. We can
separate the amplitude A and phase <I> by defining the electric field as:

(1.2)

where k

=n0 k0 =n0ro I c

with ko being the wave vector in vacuum and no the linear

refractive index of the material. We define the irradiance as:

(1.3)

where Eo is the permittivity of the medium. By applying Maxwell's equations to this
electric field in the presence of the nonlinear medium characterized with a polarization
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response given by Eq. 1.1 we can obtain the equations that describe the change of the
irradiance and total phase (nonlinear and due to propagation) inside the medium (see
Appendix A):

di =-al

dz
d<t>t_ k

dz

-no·

(1.4)

(1.5)

To derive Eqs. 1.4 and 1.5 we have used a thin sample approximation by assuming that
the diffraction effects in the sample are negligible. The equation describing the change in
the phase of the electric field due to the nonlinear effects only is:

d( ~<t;>)

---=nNLko.

dz

(1.6)

The total absorption coefficient a and total refractive index n are given by:

where

a =ao +a NL

(1.7)

n =no +nNL'

(1.8)

ao and n0 are the linear absorption coefficient and refractive index and related to the

imaginary and, respectively, real parts of the complex first order susceptibility from Eq ..
10

1.1 (for the practical case when the input frequency does not match the peak of an
absorption band, see Appendix A):

(1.9)

n0

= ~ 1+ Re( XO>) .

(1.10)

The nonlinear contributions to absorption (aNL) and refraction (nNL) are dependent upon
the input electric field in a manner depending on the nonlinear process. If we consider a
nonlinear process in which the nonlinear response of the material corresponds to the first
nonlinear term in Eq. 1.1 (i.e., the third-order term characterizes the nonlinear polarization
completely), we obtain the following expressions for the nonlinear absorption coefficient
and nonlinear change in the refractive index:

(1.11)
(1.12)

These equations characterize the two-photon absorption (2PA) process (Eq. 1.11) and the
nonlinear optical Kerr effect (Eq. 1.12 ) . The two-photon absorption coefficient Pand the
nonlinear refractive index n2 are related to the complex susceptibility x<3) by the following
relations (see Appendix A):
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p = 2ko

n;( X<'> )

n0 ce 0

Re(x<3>)
n2

=

2

n0 ce 0

·

(1.13)

(1.14)

For a material with a band-gap Eg the 2PA appears when the photon energy is between
Eg/2 and Eg [6]. For a semiconductor, for example, two-photons give their energy at the
same time to an electron to excite it from the valence band to the conduction band. This
induces a change in the absorption of the material (given by Eq. 1.11), which corresponds
to a change in the refraction of the material (given by Eq. 1.12), through the KramersKronig transformations (see Chapter 4 ). Because the nonlinearity appears on the time
scale of the motion of the bound electrons (-10- 15 s) the interaction is practically
instantaneous even for the shortest laser pulses. The nonlinear refractive index n2 is called
bound-electronic in this case.
In materials where the nonlinearities are given by transitions between different energy
levels in the structure of the molecules, the nonlinear response of the material becomes
more complicated. This is the case of reverse saturable absorbers (RSA), where the
absorbance of the material increases with increasing input energy. The next section will
discuss the use of these materials as optical limiters. The nonlinear process through which
RSA can be achieved is excited state absorption (ESA). ESA appears in many materials,
predominant in organic molecules because of the multitude of energy levels that favor
successive transitions. Some of the organic dyes exhibiting ESA will be studied in
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Chapters 2-4. To understand ESA we can consider such a material with all its N molecules
in the lowest energy state, the ground state. As soon as a laser beam enters the material,
the first incoming photons can excite some of the molecules (N 1) to an excited state. If the
lifetime of this excited state is not too short compared to the laser pulse, the following
incoming photons will be able to excite not only molecules from the ground state, but also
some of the N 1 molecules from the excited state to a higher excited state. If the probability
of the transition between the excited states is higher than the probability to excite ground
state molecules, we have obtained RSA. This nonlinear absorption process (and the
recurrent nonlinear refraction, through the same Kramers-Kronig transformations) is no
longer an irradiance dependent process since the number of absorbed photons (given by
the number of transitions) depends on the previous excitation. The nonlinear change in
absorption (and refraction) is linearly proportional with the number of excited molecules
N 1 at a given time. The proportionality factor is called the cross-section of the transition
and is related to the probability of making that transition to the higher energy state. Hence,
in the case of ESA the rates of change of the irradiance and phase are defined by:

di

-=-a I-a NI
dz
O
a
I

(1.15)

( 1.16)

where <Ja and <Jr are the excited state absorption and refraction cross-sections. The linear
absorption is given by the linear absorption coefficient· a 0 = cr 0 N, where cr0 is the ground13

state absorption cross-section. The generation rate for the excited state population N 1 is
.
b dN 1
I
given y --=a.
0 -.
dt
n,O)

1.2 Optical limiting

Besides being the tools for researchers studying the interaction of light with matter,
these days lasers have become a common light source in almost any application: industrial,
medical, military, communications, etc. The development of more powerful laser requires
parallel research for development of devices for protection against laser induced damage
(LID). Hence, there is considerable interest in the application of the nonlinear optical
properties of materials for optical limiting [7,8]. The optical limiting elements can be
classified in two categories depending on what turns-on the nonlinearity: active and
passive. Active optical limiters require the use of external triggering (e.g., in electrooptical devices through an external electric field). The feed-back process, however,
decreases the time-response of the device, making the active limiters impractical for fast
applications (i.e., limiting short pulses such as picoseconds or nanoseconds). In contrast,
in passive limiters the material uses the input energy in order to change its properties and
reduce the amount of the emerging light through a nonlinear process. The limiting effect is
as fast as the nonlinear process (e.g., in the case of 2PA, practically instantaneous). This is
why most of the recent work on optical limiters concentrate on passive limiters [7-15].
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Fig. 1.1. Ideal (solid line) and typical (dashed line) limiting curves.

The scope of Chapters 2, 3, and 4 of this dissertation is to characterize materials for
optical limiting by performing measurements meant to determine the magnitude, temporal,
and, spectral response of the optical nonlinearity leading to limiting.
Another requirement for the ideal limiter is to have rapid response (picoseconds for
some applications). Nonlinear absorption processes such as 2PA and ESA are practically
instantaneous. However, 2PA and ESA have completely different temporal behavior (see
Chapter 3). Because of its irradiance dependence, 2PA can be successfully used for
limiting short (picosecond) pulses, but not long (nanosecond) pulses. On the other hand,
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ESA, because of its time-integrating memory behavior, can be used (given the right
material) with practically any pulse widths.
Finally, another requirement is that the limiter should work at all the wavelengths that
it is exposed to. Depending on the application, the limiter may have to work over a very
broad spectral range. Nonlinear spectroscopy (see Chapter 4) gives a tool for measuring
the nonlinear absorption spectrum. Visible optical limiters, designed to protect the human
eye, need to work at the wavelengths corresponding with the human eye response. Fig.
1.2 shows the daytime, or photopic (solid line) and the nighttime, or scotopic (dashed line)
spectral response of the human eye along with the linear transmittance spectrum of an
organic dye showing ESA: Zinc Tetra (p-methoxyphenyl) tetrabenzporphyrin (Zn: TBP).
As a correspondent to the linear transmittance of the single wavelength limiter, we can
define a photopic and scotopic transmittance as an integrated linear transmittance
weighted by the human eye response:

T
ph,.~c

=

L, TL('),.)Rph,"(J..)d')._
f . Rph,sc (A )dA

Jv,s

.

(1.17)

We define the integrand in Eq. 1.17 as the photopic (filled circles in Fig. 1.2) or scotopic
(open circles in Fig. 1.2) spectrum of the material. The normalized integral of these
spectra (given by Eq. 1.17) gives a global measure of the linear transmittance of the
sample as seen by the human eye. The values obtained for the particular sample presented
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in Fig. 1.2 (with a linear transmittance of 0.47 at 532 nm) are 0.32 for the photopic and
0.28 for the scotopic transmittance.
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Fig. 1.2. Photopic (solid line) and scotopic (dashed line) human eye spectral response
together with the linear transmittance (crosses) and the photopic (filled circles) and
scotopic (open circles) spectra for Zinc Tetra (p-methoxyphenyl) tetrabenzporphyrin (Zn:
TBP).

For ESA materials there is a clear trade-off between linear absorption (nneded to
generate excited states) and optical limiting behavior, i.e., more linear loss leads to more
nonlinear loss, hence, better limiting. For 2PA limiters there is, in principle, nonlinear loss.
This leads to considerably different designs for limiters based on these different
nonlinearities.
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CHAPTER2

NONLINEAR ABSORPTION AND REFRACTION

This Chapter presents measurements of the nonlinear absorption and nonlinear
refraction of a variety of materials. A very well established and accurate method to
measure nonlinear absorption and nonlinear refraction in both sign and magnitude is the
Z-Scan technique [1].

2.1. Experimental Setup

In Fig. 2.1 the experimental setup for our picosecond Z-Scan measurements is shown.
The laser source is a Q-switched, mode-locked Nd:YAG laser system, externally
frequency doubled by a KDP crystal. The output pulse has a pulse width of 28 ps
(FWHM) at 532 nm. This pulse is obtained by selecting only one pulse out of the 50 ns
long train of picosecond pulses with 7 ns spacing, produced by the laser. In some
experiments, to measure effects on nanosecond time scales, the whole pulse train is used.
Also, by changing the output coupler etalon of the laser cavity, longer picosecond pulse
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widths can be obtained. The pulse width is measured and monitored shot to shot by an
autocorrelator consisting of a Michelson interferometer and a SHG crystal.
The energy of the beam is controlled by rotating a half-wave plate before a polarizer.
After the second-harmonic generator, the beam is split in two: the signal and reference
beams. They both have the same geometry, a focusing lens F 1, an aperture S and another
lens, F2, which recolimates the beam onto a detector. The sample is moved in the Z
direction through the waist of the focused signal beam.

d:YAG

reference

I

Autocorrelator

Fig. 2.1. Z-Scan experimental setup.
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The reference beam is used to calibrate the energy and the signal is generated by
monitoring the ratio between the readings of the signal detector (D3) and the reference
detector (D4) vs. the position z of the sample relative to the focal position. The same
computer controls all the detectors and stages. The reason for the reference arm is to
reduce the experimental noise due to beam spatial fluctuations.
The Z-Scan technique is well explained in Ref. [1]: by varying the sample position
through a focused beam, the sample experiences different input irradiances. Hence, the
irradiance dependence of the transmittance and nonlinear refractive index of the sample
can be studied. The Z-Scan transmittance of the sample with an open aperture (no
aperture in the far field before the detector, which collects the whole beam) gives the
nonlinear absorption coefficient: in the case of two-photon absorption (2P A) the 2P A
coefficient p is determined, while in the case of excited state absorption (ESA), the
excited state cross-section can be determined. The following chapters will study these
coefficients in detail.
With the aperture closed (an aperture is placed in the far field before the detector such
that the detector sees approximately 40% of the energy ), the nonlinear phase shift is
determined, from which the nonlinear refractive index, n2, can be calculated, both in
magnitude and sign. If the sample exhibits both nonlinear absorption and nonlinear
refraction, the nonlinear phase shift is obtained from by dividing he closed aperture to the
open aperture data to extract the nonlinear absorption [1].
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2.2. Excited-State Absorption and Refraction.

Excited-state absorption (ESA) is the absorption obtained due to transitions from an
excited state to a higher excited state. If the excited-state absorption cross sections are
greater than that of the ground state, the process is known as reverse saturable absorption
(RSA). Because the ESA is exhibited only when the excited state is populated, which
occurs under intense illumination, a system that has RSA can be used as an optical
limiter.
In order to understand what kind of response we should expect from a system that shows
ESA, some theoretical models have been developed. A five-level model was found to
explain the behavior of the nonlinear absorption of several phthalocyanines and
derivatives [2-4]. A schematic of this five-level model is given in Fig.2.2.

S2

--------T2

Sl

v
-+------.---

'tisc

....
.._.. ?.

v

G _ _ _ _ _'v_ _4_- - - 'tn
Fig. 2.2. Five-level model for ESA. S 1 and S2 are the singlet states, while Tl and T2
represent the triplet states.
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The transition G-S 1 represents the linear (ground state) absorption, while the
transitions S 1-S2 and Tl-T2 represent the singlet and triplet excited-state absorption.
When an intense pulse hits the sample, the first singlet excited state (S 1) becomes
populated. Although this excitation brings molecules in any state of the vibrational
manifold states of S 1, these states rapidly decay (usually less than a picosecond) to the
bottom of the band, which from now on we call energy level S 1. This applies to all the
excited states involved in the following discussions. The population of S 1 can decay either
to the triplet state Tl or to the ground state. The lifetimes of levels S1, S2, Tl, T2 are
'ts 1, 'ts 2, 'tn, 'tT2 .

The triplet yield, <j>, represents the fraction of the total excited state

population that ends up in the triplet state and it is given by the ratio between the overall
lifetime of the first single excited state S 1 and the inter-system crossing time 'tisc·

The rate equations for the proposed 5-level model are as follows:

dN
dt

I
o o hro

Ns

Nr

'to

'tn

0
1
1
--=-a
N -+--+--

dNSJ
/
/
NS]
NS2
--=a
ON O --a 1 N 1 - - - + - dt
hro
s hro -r SJ
-r S2

(2.1)
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The overall lifetime 'ts 1 of the first singlet state is given by

1

1

1

't Sl

't O

't isc

-=-+-

(2.2)

and the triplet yield is

<p

= 't Sl

•

(2.3)

't isc

The equation that gives the transmittance is given by:

(2.4)

As explained in Chapter 1, along with the change in transmittance there is a change in
the refractive index as well. For the excited state process, the phase changes according to:

(2.5)

where Ll<I> is the phase shift defined in Chapter 1 and the o/s are the singlet and triplet
excited state-refractive cross-sections.
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We have performed measurements on organic materials from several categories:
phthalocyanines, naphthalocyanines, porphyrines. With picosecond Z-Scans at low input
fluence we determine the singlet excited-state absorption cross-section crJ.[2] An example
is given in Fig. 2.3, which shows data and fits for SiPc (Silicon Phthalocyanine).

Si PC at 532, single pulse 28 ps, w 0 =19µ
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Fig. 2.3. Open aperture Z-Scans in SiPc.

Because the decay lifetime of level S 1 is on the order of nanoseconds, the triplet states
do not get populated within the picosecond pulse, so the 5-level model reduces to a 3level model. In the fitting code we have introduced all the cross-sections and lifetimes
shown in Fig. 2.2.
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At input energies low enough such that the maximum change in transmittance due to
nonlinear absorption is small (for example, less that 5% ), the higher exited state S2 is
practically not populated (in comparison with G and SI). Hence, its lifetime 'ts 2 does not
have any effect in solving the system (2.1).
An important parameter is the ground state cross-section cr0 , needed to account for the
depletion of the ground state. This saturation effect, leading to decrease in the nonlinearity
is taken care off by the system (2.1). By solving the system at low inputs we determine the
excited state absorption cross-section cr 1• With cr 1 determined, by fitting the open aperture
Z-Scan curves at higher energies, we can determine the lifetime 'ts 2 of the second excited
singlet state needed to account for the saturation seen in the experiments. The saturation
of the nonlinear absorption can be seen for high input energies (9.2 µJ) in Fig. 2.3. The
knowledge of the ground-state absorption cross-section proves to be essential in
determining of the higher excited state lifetime. This is because the saturation seen in Fig.
2.3 can be explained in two different ways. In Fig. 2.4 we present theoretical open
aperture Z-Scans generated to fit the high energy curve obtained in Fig. 2.3. The dashed
line in Fig. 2.4 represents the expected signal for a system without any saturation, i.e.,
assuming that the solution has enough molecules in the ground state such that exciting
some of them in the upper state S 1 will not affect the G-S 1 transition (the ground-state
population N0 can be considered to be N, the total population). This assumption works
very well at low input energies (i.e., the signals at low energy in Fig. 2.3), but
overestimates the nonlinear absorption at higher energies. To account for difference, one
can assume that the population of the ground state is not very big, such that it actually can
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be depleted by the excitations to the excited state. This leads to less linear absorption,
which brings the total transmittance up (solid line in Fig. 2.4). Of course, because the
linear absorption coefficient a=cr0N is known, a smaller N means a higher ground-state
absorption cross-section cr0 •

1.0 . . - - - - - - - - - - - - - - - - - - - - - - - - - ,
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Fig. 2.4. Theoretical open aperture Z-Scan curves showing saturation effects from
depletion of ground state (solid line) or finite higher excited state lifetime (open circles)
along with the unsaturated case (dashed line).

The other effect leading to saturation is considering that the molecules from the
second excited state S2 do not immediately fall into the S 1 energy state, i.e., its lifetime
'ts 2 is not very small compared to the pulse width. The open circles in Fig. 2.4 represent
the open aperture Z-Scan curve obtained if assumed that this lifetime is 2 ps (assuming no
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depletion of the ground state). We can see that each of these effects can explain the
saturation seen at high input energies, making the knowledge of the concentration N (and
hence, ground-state absorption cross-section cr0) necessary. So, knowing for the sample
in Fig. 2.3 that er O = 2.4 · 10-18 cm 2 , the saturation could be explained by a 0.3 ps lifetime
of the second excited state S2.
Hence, from the picosecond open aperture Z-Scans we can infer both the singlet
excited state absorption cross-section and the lifetime of the higher singlet excited state
S2.
With picosecond pulses we cannot, however, determine the triplet absorption crosssection because the triplet states have no time to become populated within the picosecond
pulse ("rise is typically on the order of 1-10 ns for the materials we have studied). Hence, to
study the triplet state influence on the overall absorption, nanosecond pulses have ·10 be
used. To simulate nanosecond experiments we use a 50 ns train of picosecond pulses and
fit the data with the full 5-level model code. Fig. 2.5 shows this for SiPC. Parameters used
for this fit are (refer to the five-level system from Fig. 2.1) a O = 2.4 · 10-18 cm2 ,

er 1 = 3.0· 10-17 cm 2 , a 2

=8.6 · 10-17 cm2 , 't s1 =4.5ns, and 't isc = l2.9ns.
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SiPC pulse train 50 ns FWHM, 532 nm
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Fig. 2.5. Open aperture Z-Scan of SiPc using a 50 ns (FWHM) train of picosecond pulses.

Another example of a material that has better limiting properties is Lead-tetrakis(Pcumylphenoxy)phthalocyanine (PbPc(P-CP)4) in a concentrated (0.045 M) solution in
CHCh [5-7]. It will be shown in Chapter 3 that this material shows a 3-level system
behavior even for nanosecond inputs. The solid curves representing the fits for the
picosecond Z-Scan data in Fig. 2.6 are used to determine the excited state absorption
cross-section. To account for the saturation of the nonlinear absorption at higher inputs, a
lifetime of 1 ps is fitted for the higher excited state S2. The fittings for all the Z-Scan
curves are based on Eqs. 2.1 which are solved numerically for the proper input pulses. The
numerical code was written in Fortran and can be found in Appendix B.
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PbPc(P-CP) 4 at 532 nm, 28 ps pulse
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Fig. 2.6. Picosecond open aperture Z-Scans in PbPc(P-CP)4.

To study the nanosecond behavior of the sample.we again perform pulse train
experiments. The open aperture Z-Scans shown in Fig. 2.7 show the nonlinear response of
PbPc(P-CP)4 to a 42 ns FWHM train of picosecond pulses.
It is important to note that for both Figs 2.6 and 2.7 the same fitting parameters are
used for all curves. Another test of the nanosecond behavior is to use a nanosecond
Nd: Y AG laser as a light source in the Z-Scan experiment, using 8 ns (FWHM) pulses at
532 nm.
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PbPc(f}-CP) 4 at 532 nm, 42 ns FWHM pulse train
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Fig. 2. 7. Pulse train open aperture Z-Scans in PbPc(B-CP) 4 •
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2

To fit the picosecond pulse train (Fig. 2.7) and the nanosecond (Fig. 2.8) open
aperture Z-Scan data, a decay time of 28 ns is needed for the excited state. The pump
probe experiments described in Chapter 3 will confirm this prediction. The small
discrepancy between the value for the excited state absorption cross-section cr (8.5 x 10-17
cm2 in Fig. 2.7 and 6.7 x 10- 17 cm2 in Fig. 2.8) may be due to use of different setups (in
different labs).
We have also studied the nonlinear refraction of these organic materials by performing
closed aperture Z-Scans (40% aperture). In order to eliminate the influence of the
nonlinear absorption from the closed aperture data, we divide them by the open aperture
data [ 1]. The magnitude of the obtained Z-Scan signal is proportional to the nonlinear
phase shift [1], so we could determine the excited state refractive cross-sections using Eq.
2.6.
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Fig. 2.9. Nonlinear refraction in PbPc(~-CP) 4 using picosecond Z-Scans.
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As an example, in Fig. 2.9, PbPc(P-CP) 4 shows self-focusing behavior (positive
nonlinear refraction) for picosecond pulses. This is indicated by the valley of the Z-Scan
signal being followed by the peak.
For nanosecond pulses, however, we have noticed that the nonlinear refraction
changes sign from positive to negative as the input fluence increases, as seen in Fig. 2.10.
This effect is attributed to thermal effects, which have negative contribution in a liquid
solution, due to thermal expansion of the solvent [8].

PbPc(~-CP} 4 at 532 nm, 5.4 ns pulse
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Fig. 2.10. Nonlinear refraction in PbPc(P-CP)4 using nanosecond Z-Scans.

A very promising material for optical limiting is Zinc Tetra (p-methoxyphenyl)
tetrabenzporphyrin (Zn:TMOTBP) [9]. Like the previously discussed phthalocynines,
Zn:TMOTBP exhibits reverse saturable absorption through ESA. As will be seen in
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Chapter 3, a five-level model is suitable for describing the nonlinear behavior of this
sample. Using picosecond pulses, however, only the singlet S 1-S2 transition can be
studied, such that the picosecond Z-Scan curves from Figs. 2.11 and 2.12 give us information about the first excited state. Fig. 2.10 represents open aperture Z-Scans
performed at 532 nm using the same 28 ps (FWHM) pulses. The excited-state absorption
cross section used to generate the fits is crs 1 = 7.8xl0- 17 cm2 • It is interesting to note that
this particular sample shows much better limiting properties when it is freshly made (CJ's1 =
18xl0- 17 cm2), but the value for the ESA cross-section decays in about two weeks and
stays constant after that at the value of 7 .8 x 10- 17 cm2 shown in Fig. 2.10 [9].

Nonlinear absorption in Zn:TMOTBP at 532 nm
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Fig. 2.11. Picosecond open aperture Z-Scans in Zn:TMOTBP at 532 nm.
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The closed aperture Z-Scan experiments from Fig. 2.12 show negative nonlinear
refraction. For picosecond pulses only the singlet states play a role because usually the
inter-system crossing time 'tisc is on the order of nanoseconds, much longer than the pulse
width.

Nonlinear refraction in Zn:TMOTBP at 532 nm
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Fig. 2.12, we obtain an excited state refractive absorption cross-section of
cm2 •
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2.3 Two-photon absorption.

In other materials studied, other absorption mechanisms take place. Two-photon
absorption (2PA) is one absorption process associated with the imaginary part of X3 a
material. The physical constant that characterizes this process is the 2PA coefficient

p, as

defined by Eq. 2.6. Often, the 2PA process is followed by another absorption process: in
semiconductors the electrons that were excited to the conduction band by 2P A can be
further excited, absorbing more energy from the incoming beam (similarly for the holes)
[10] . In other materials, this two-photon induced absorption can be treated as a further

excited state absorption [11]. In any case, an absorption cross-section er can be defined in
order to explain the higher order nonlinear absorption in these materials.
The equation that describes the two photon absorption followed by carrier or -excited
state absorption is:

di
R 2
-=-pl -crNI
dz

(2.6)

where the carrier density N created during the excitation pulse is given by:

dN
dt

p1 2

= 2nro'
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(2.7)

which gives for a Gaussian input I

=/

0

exp(-(t I 't P )2) a total carrier density (after the

pulse) of

(2.8)

To obtain a 2PA signal, the sample must have low linear absorption, but it should be
capable of absorbing two photons. This can be expressed as follows:

nro < E 8 < 2nm .

(2.9)
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Fig. 2.13. Open aperture Z-Scan in ZnSe showing 2PA.
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2PA fit
ZnSe

8

This happens for ZnSe, a semiconductor with a bandgap Eg of 2.7 eV, which is a twophoton absorber at 532 nm. The Z-Scan curve from Fig. 2.13 shows a 2PA curve from
which we can obtain a 2PA coefficient p of 10 cm/GW using Eq. 2.7.
One has to be careful in analyzing the 2PA data in semiconductors, because for
sufficient input energy the carrier absorption may be high enough to add to the 2P A, as
given by Eq. 2.6. A detailed characterization of the carrier contribution to the nonlinear
absorption will be given in Chapter 3.
We have also observed two-photon absorption followed by excited state absorption in
samples of liquid crystals obtained from Kent State University. The nonlinear response of
these nematic liquid crystals is polarization dependent. For an input beam polarized
parallel with the orientation of the molecules we could measure the 2PA coefficient and cr
by measuring the imaginary part of X3 and the effective X5 with Z-Scans at different input
energies. These results are presented in Chapter 3 where we study the dynamics of the
nonlinear absorption processes. In Fig. 2.14 we present the nonlinear absorption and
nonlinear refraction signatures in a Zscan experiment on 5CB. We can see that for
picosecond pulses 5CB has a positive nonlinear refractive index.
There are reports of negative n2 's measured in these liquid crystals, but we attribute
this discrepancy to the fact that those measurements were performed with nanosecond
pulses, where thermal effects have to be taken into account [12, 13].
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5CB liquid crystal, 28 ps pulses at 532 nm, TL= 82%
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Fig. 2.14. Nonlinear refraction in 5CB liquid crystal.

2.4. Nonlinear absorption mechanisms: ESA vs. 2PA.

As seen before, from open aperture Z-Scan data one can extract the excited state
absorption cross-sections for ESA processes, or the two-photon absorption coefficients
for 2PA processes by solving the proper equations to fit the data. A problem arises,
however, .when one deals with an unknown sample, or a sample that can exhibit either or
both of these processes, or maybe even a different process leading to transmission loss.
The answer to this problem lies in time-resolving the process. This will be done in the
following Chapter using pump-probe experiments, but a decision upon the nonlinear
mechanism responsible for the nonlinear effect can be done by performing Z-Scan
experiments in different time-regimes.
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To understand this, let us calculate the nonlinear transmittance of a sample in the
assumption that the nonlinear absorption mechanism is: (a) ESA, and (b) 2PA.

(a) ESA

For simplicity, we assume that the input energy is low enough that no saturation is
present and no ground state depletion (see discussion in Chapter 2.2) takes place (i.e., N0

=N, all the molecules are in the ground state at all times). We also consider the
picosecond case, i.e., no triplet-triplet transition possible (the inter-system crossing time is
on the order of nanoseconds). With these approximations, the Eqs. 2.1 reduce to:

(2.10)

and Eq. 2.4 becomes:

(2.11)

Integrating Eq. 2.10 we obtain the time dependence of the ground and excited state
populations,

N 0 (t) = N exp[-F(t) I Fs],
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(2.12)

and

(2.13)

where N is the total population, Fs

= nro

is the so-called saturation fluence,[14] and

(J 0

t

F(t)

= f /(t' )dt'.

(2.14)

With this, Eq. 2.11 becomes:

dl(t)
- =-Na /(t) +(cr i -cr o)Ne-F(t)lf'.5 /(t).

dz

(2.15)

For small inputs (i.e., F<<Fs) we can approximate the exponential in Eq. 2.16 with the
first two terms from the Taylor expansion to obtain:

(2.16)
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Integrating Eq. 2.16 in time we obtain the equation for the fluence (integrated
irradiance):

dF
l
F2
1
F2
-=-Na F--N(a -a )-=-aF--al:dz
o
2
I
oFs
2
Fs'

where a

=cr

0

(2.17)

N is the linear absorption coefficient and l: =~- 1 .
(J 0

Eq. 2.17 is a very good approximation for the three-level model for the ESA process.
It is useful to consider the practical case of Gaussian input beams because it gives us an
analytical solution to Eq. 2.17. We define in this case a saturation energy given by
2

E_,

= Fs 7t~o

• Integrating

Eq. 2.17 in r we get the equation for the energy:

dE
l al:
f
1 al: 2
-=-aE---21tJ, F(r) 2 rdr=-a.E---E.
O
dz
2 Fs
4 Es
00

(2.18)

Integrating this equation over the sample length L we obtain:

(2.19)

42

Figs. 2.15 and 2.16 show the validity range for the Eqs. 2.17 and 2.19 for Silicon
Naphthalocyanine (SiNc). The absorption cross-sections for SiNc are well known (see
Table 3.1 in Chapter 3) and they are a O = 2.8· l0- 18 cm2 and a 1 = 40· l0- 18 cm2 • At 532
nm the saturation fluence is Fs = 0.133 J/cm2 • Assuming, for example, a beam size of 19
µm (HW1/e 2M), we plot in Fig. 2.15 the output energy as a function of the input energy.
We can see how well Eq. 2.19 (dotted line) approximates the solution of the three-level
system (solid line) for a sample with linear transmittance TL

=e-oL =0.67.

Analytical approximation
Three-level limiting
TL= 67%
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Fig. 2.15. Output energy for SiNc with linear transmittance of 67% as function of input
energy (or fluence) divided by saturation energy (or fluence).

As expected, the approximation is good only for energies (fluences) smaller than the
saturation energy (fluence ), because we have assumed this in expanding the exponential
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function from Eq. 2.15 in power series. Fig. 2.16 shows that the analytical approximation
given by Eq. 2.19 gives less than 1% error in estimating the limiting performance for
inputs up to 5 times below the saturation.
Eqs. 2.17 and 2.19 show that this process is fluence dependent rather than irradiance
dependent (as we would be tempted to believe from Eq. 2.11). This means that, within the
approximations made here, the ESA process is pulse width independent. Practically, the
nonlinear response of an excited state absorber changes only slightly with even a drastic
change in pulse width.
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Fig. 2.16. Relative error in using Eq. 2.19 to describe the limiting behavior of SiNc as
function of input energy (or fluence) divided by saturation energy (or fluence).
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(b) 2PA

In contrast with the ESA process, the 2PA process is irradiance dependent, i.e., the
nonlinear signal will change with changing the pulse width. To show this, let's assume that
the carrier absorption is much smaller than the 2PA process. Adding linear absorption
characterized by the linear absorption coefficient a, Eq. 2.6 becomes:

di =-aJ-A.[2

dz

P

(2.20)

'

which, gives the output irradiance

l(L)

=

l(O)e-o.L

-o.L '

(2.21)

1+ ~/(0) 1-.e
a

where 1(0) is the input irradiance and Lis the sample length. Clearly, Eq. 2.21 shows that
the 2P A process is irradiance dependent and not fluence dependent like the ESA process.

A good example to illustrate the difference between ESA and 2PA is the comparison
between the nonlinear response obtained by performing Z-scan experiments at 1.064 µm
in solutions of octasubstituted metallophthalocyanines (H2Pc and CuPc, see Figure 2.17).
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HJ>c : M=2H
CuPc : M=Cu

Fig. 2.17. Chemical structure of octasubstituted metallophthalocyanines.

In Fig. 2.17 we see the characteristic ring structure of phthalocyanines. The only
difference between the two studied samples is the fact that CuPc has a metal (Cu) in the
middle, as opposed to H2Pc, which has only hydrogen atoms. This difference, however,
will prove to be very important for the nonlinear behavior of the samples.
In the Z-Scan experiments performed on these samples we use the first harmonic of
the Nd:YAG laser (without the SHG crystal).
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Figure 2.18 shows the Z-scan results for H2Pc at 16.6 and 22.5 µJ input energy with
23 and 32 ps (HWl/eM) pulse widths, which give almost the same input irradiance of 37
GW/cm2 • The nonlinear absorption was determined from the open-aperture Z-scans (Fig.
2.18.a). Clearly, the nonlinear absorption is irradiance-dependent rather than fluencedependent [15].
The same behavior is observed for the nonlinear refraction, through the closedaperture Z-scans from Fig. 2.18.b (here, again, the closed aperture data has been divided
by the open aperture data to eliminate the absorption effect [1]).
The solid lines in Figure 2.18 show best fits using a model based on pure 2PA for the
nonlinear absorption and pure nonlinear refractive index n2 for the nonlinear refraction,
assuming Gaussian spatial and temporal laser intensity profiles [ 1]. The sole fitting
parameter in the curves of Fig. 2.18.a is the 2PA coefficient p, where pis defined by di/dz
= - p12 , I is the incident irradiance and z is the coordinate along the propagation direction.
The mean value p = (4.0 ± 0.5) x 10-2 cm/GW was obtained over different energies and
pulse widths. By fitting the data of Fig. 2.18.b, we find the nonlinear refractive coefficient
n2 of the solution to be n2 = (2.0 ± 0.3) x 10·6 cm2/GW, where n2 is defined from the index
change (iln = n2I). This positive nonlinear refraction, however, is mainly due to the
solvent (chloroform).
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Fig. 2.18. Open (a) (top) and closed (b) (bottom) aperture Z-scan results of chloroform
solution of H 2Pc in 1 mm cell at 22.5 µJ input energy, 32 ps pulse width, giving 37.1
GW/cm2 irradiance (filled circles) and at 16.6 µJ input energy, 23 ps pulse width, giving
37.7 GW/cm2 irradiance (open circles). Solid lines are the best fits using the 2PA model.
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Because of the small 2PA signal, the change in the refractive index caused by 2PAexcited states is much smaller than the change induced by the n2 of the solvent. This
explains the fact that the closed-aperture Z-scan curves for H2Pc (Fig. 2.18.b) are similar
in magnitude and sign (positive) to those obtained for pure chloroform. This indicates that
the nonlinear process in H2Pc is dominated by two-photon absorption (2PA).
The addition of a metal (Cu, in this case) changes the predominant mechanism for both
nonlinear absorption and refraction. For CuPc we plot in Fig. 2.19.a the open aperture Zscan results obtained at two different energies (5 and 17 µJ) for the two available pulse
widths (23 and 32 ps HWl/eM). In this case the nonlinear process is independent of pulse
width and hence is fluence (energy per unit area) dependent. Hence, the nonlinear process
that leads to a change in transmittance in CuPc is excited-state absorption (ESA) [ 16]. As
before, by performing closed aperture Z-scans, we obtain information about the·· refractive
nonlinearity. Fig. 2.19. b shows the contribution of CuPc only (after extracting the solvent
contribution) to the change in the refractive index. Performing the experiment at different
energies (10 and 17 µJ), we find the same nonlinear refractive response for 23 and 32 ps
(HWl/eM) pulses. The measured Z-Scan signatures for nonlinear refraction are different
in each studied case, i.e., if we have plotted the data in Fig. 2.19.b without extracting the
solvent contribution, we would have had four different curves. The fact that subtracting
the nonlinear refractive effect due to the solvent makes the curves at the same energy to be
the same implies that the nonlinear refraction is also associated with the production of
excited states.
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Fig. 2.19. Open (a) (top) and closed (b) (bottom) aperture Z-scan results of chloroform
solutions of CuPc in 1 mm cells at different pulse widths and pumping energies: 23 ps
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With the approximations we made before for the ESA model we can use Eq. 2.19 to
determine the excited state absorption cross-section to be O'a = (1.40 ± 0.15) x 10-18 cm2 •
A similar treatment can be done for the real part of the susceptibility, and the equation that
gives the change in phase shift ~<I> is

d(~<I>)

-'---"--=O',Ns1·

dz

(2.22)

The excited state refractive cross-section used to generate the fits in Fig. 2.19.b is

O'r

=

(-2.2 ± 0.3) x 10- 18 cm2 • This is a defocusing nonlinearity (i.e. ~n<0) and comparing with
the results for H 2Pc we can see that the addition of the Cu in the molecule gives a negative
contribution to the nonlinear refraction.
In summary, the Z-scan experiments show that the nonlinear absorption and refraction
of metallophthalocyanines at 1.064 microns is strongly dependent on the presence of the
central metal ion. While the nonlinear behavior is due to two photon absorption for H2Pc,
excited state absorption is the dominant process for CuPc [17].
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2.5 Conclusion.

The nonlinear absorption and nonlinear refraction are measured both in sign and
magnitude by performing open and closed aperture Z-Scan experiments. Using different
pulse widths to examine the nonlinearity in different time-regimes, the nonlinear
mechanism leading to changes in transmittance and/or refractive index can be inferred.
The ESA cross-sections measured for several phthalocyanines, porphyrins and derivatives
are tabulated in Chapter 3 (Table 3.1) along with the excited state lifetimes measured
using pump-probe experiments.
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CHAPTER3

MEASUREMENTS OF THE DYNAMICS OF NONLINEAR ABSORPTION

A pump-probe setup was built to study and understand the dynamics of nonlinear
absorption at 532 nm in various materials. Several organic and inorganic materials are
studied in the search for better optical limiting in a material. After a short introduction
explaining the role of pump-probe experiments, a detailed description of the experimental
setup is presented. In this chapter, theoretical and experimental studies of several
nonlinear processes leading to optical limiting are discussed, including excited state
absorption, two-photon absorption, and nonlinear scattering. After studying the time
dependence of transmission loss in several materials (phthalocyanines, porphyrins,
semiconductors, liquid crystals, inorganic clusters) we conclude with comments on the
mechanisms leading to optical limiting.

3.1. Introduction

The pump-probe, or excite and probe, experiment is a well established technique for
the study the dynamics of nonlinear absorption. The experiment consists of a strong beam
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(excitation) which induces a nonlinearity in the material and a weak beam (probe) which
can be delayed in time to record the dynamics of the nonlinearity.
With delayed pump-probe experiments both the buildup and decay times of optical
nonlinearities in different samples can be determined. The mechanisms that govern the
nonlinear absorption can be inferred from its time evolution and from its energy
dependence as measured in Z-Scan experiments performed in both the picosecond and
nanosecond regime (see Chapter 2).

3.2. Excite-Probe Experiments

As a source for the delayed pump-probe experiment we use the second harmonic of
the Nd:YAG Q-switched mode-locked laser with a pulse width of 28 ps (FWHM) at 532
nm, with an adjustable repetition rate up to 10 Hz. In the experimental setup shown in Fig.
3.1, the energy of the beams is adjusted by rotating a half-wave plate situated before a
polarizer. We split the second harmonic (532 nm) into the excitation and probe beams
using BS 1. The energy of the excitation beam is monitored by the detector D1. By
focusing the excitation beam onto the sample using a 100 cm focal-length lens, we
produce a measured pump beam waist of 100 µm (HW l/e 2M) in the sample. A system of
two comer cubes and a mirror, one of the comer cubes being situated on a stage is used to
delay the probe beam. Four optical passes between the comer cubes, doubled by the
mirror that sends the beam back to the corner cubes, enable us to delay the probe beam up
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to 15 ns with a 2 1/2 foot stage. This method compensates for any tilts introduced to the
comer cube during the travel of the stage.

BSl

SHG

tJ2

Nd:YAG
laser

Fl

Fig. 3.1. Pump-probe experimental setup.
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The beam is sent by the beamsplitter BS2 through a polarizer that makes the
polarization of the probe beam perpendicular to the polarization of the excitation beam. A
20 cm focal-length lens focuses the probe beam down to about 20 µm (HW1/e 2M),
ensuring us that in the overlap region the probe beam is much smaller than the pump beam
(which is focused to 100 µm). Finally, the probe beam energy is monitored by detectors
D2 before the sample and D3 after the nonlinear interaction produced in the sample.
Both beams are focused onto the sample, but the excitation beam has more that 10
times more irradiance, so that the nonlinearity induced by the excitation beam is much
stronger than any residual nonlinearity induced by the probe beam. Another polarizer is
used to separate the probe beam so that detector D3 will not see any light from the
excitation beam. In the case when the beams must have parallel polarizations, the
polarizers are taken out and the probe beam is separated with an aperture. The angle
between the pump and probe beams is -3 degrees.

The strong excitation pulse induces a nonlinearity in the sample. If a weak beam comes
at the same time or within the decay time of the nonlinear response, it will see this created
nonlinearity. Hence, the transmittance of this probing beam will be influenced by the
nonlinearity induced by the excitation beam. By changing the delay between these two
pulses one can determine both the turn-on time and the decay time of the nonlinearity in
the sample.
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3.3. Excited State Absorption (ESA)

The theory for the ESA mechanism was presented in Chapter 2 where a five-level
model was discussed in order to explain it. As seen in Fig. 2.1, the physical constants that
determine the ESA are the cross-sections cr and the lifetimes 't. If the first ones can be
inferred from the Z-Scan experiments, the latter ones are measured from pump-probe
experiments.

3.3.1 Theory

In all the ESA materials that we have studied, the higher exited states S2 and T2 are
very short lived, their relaxation times being less than :::: 1 ps, which is much less then the
duration of our pulses. As seen in Chapter 2, this saturation effect reduces the nonlinear
absorption at high input fluences. At low inputs, however, the saturation effects are very
small. Even if we were to consider saturation in the following discussions, its contribution
would be to slightly reduce the magnitude of the signal and not its temporal evolution.
Hence, in the absence of saturation the rate equations given by the Eqs. 2.1 can be
simplified to:
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dN 0
I
Ns 1 Nr 1
--=-cr
N -+--+-dt
o o nro
'to
'tTI
dNSJ
I
NS/
--=crN - - dt
o o nro
'ts1
dNTJ

NS]

NTJ

dt

'tisc

'tTJ

(3.1)

--=-----

Furthermore, we can consider this system in two different time regimes:

1. During the excitation pulse
Let le

=1

0

('t

<< 'ts1, 'tn)

exp( -( t I 't )2 ) be the excitation pulse. Because 't << 'ts 1, 'tn,

dN 0
I
--=-cr
N dt
O O n,O)
dNSJ
I
--=cr N
dt
O O n,O)

(3.2)

and the solutions of Eqs. 3 .2 are:

L
No(t)

= Ne

Ns 1 (t)

where Fs

= O'ol
n,O)

l(t')dt'

(3.3)

Fs

= N -N

0

(t)

is the saturation fluence, and N is the initial population of the ground

state, which is given by the sample concentration. These expressions represent the
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populations of the ground and excited states immediately at any time during the excitation
pulse.

2. After the excitation pulse (t >> 't)
After the pump pulse is gone the ground- and excited-state populations become:

No= Ne-F/Fs
Ns1

where F

=

r

(3.4)

= N(l-e-F!Fs)'

I (t)dt is the excitation fluence. Eqs. 3.4 are the initial conditions needed

for solving the following system of equations.
Since no pump irradiance is present, only the relaxation processes affect the
populations, so

dNO
dt

NS]

NT]

'to

'tr 1

--=+--+-dNSJ
dt

--=-

NS]

(3.5)

'ts1

dNTJ NS] NT]
--=---

With the initial conditions and introducing <I>= 'ts I 't isc we get (from now on,
refers to 'tn and 'ts refers to 'ts 1 ):
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'tr

N sl t) = N(l - e-FIFs )e-tl'ts
Nrlt )= N(l-e-FIFs )<I>

(3.6)

'tr
'tr

[e-tl-rr -e-tl-rs]

-'ts

If a probe beam comes after a time t, it will be absorbed according to Eq. 2.4. Because

the probe beam is weak and does not introduce any nonlinearity, we can integrate this
equation over the spatial and temporal extent of the pulse to get the overall transmittance
of the probe. If we divide this result by the linear transmittance

TL

= e -a oNL, which is the

transmittance seen by the probe when it precedes the excitation, we obtain the normalized
nonlinear transmittance:

(3.7)

where L is the length of the sample. The assumption made here that the sample's length is
much smaller than the excitation's diffraction length holds very well in our experimental
setup.
The time dependence of the nonlinear absorption becomes:

a

-cr N(l-e-FIF:s)L[e-rt-rs+~m

NL -

0

L

l
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'I' 't

l

'tr

(e-rt-rr_e-rt-rs)]

-'t

T

S

'

(3.8)

where

(3.9)

Because the delay t is much longer than the pulsewidth we can approximate the
nonlinear transmittance by:

(3.10)

where, because the triplet state is long lived ('tr >>'ts),

(3.11)

and

(3.12)
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We used Eq. 3.10 to determine the lifetimes of the singlet and triplet states ('ts 1 and
'tn). Also, an effective triplet excited-state absorption cross section ( O" 2<p) can often be

determined for reverse saturable absorbers:

(3.13)

as long as

O" 2

>> O" 0 , so that

materials studied here, where

O" 2<p

=b(a

O" 2 / O" 0 ~

1 -

O" 0 ).

This assumption is valid for most of the

30 (see Table 3.1).

The two different time decays in Eq. 3 .10 can be separated because the triplet state
lifetime ('tn), being in the microsecond regime, is much longer that the singlet state
lifetime ('ts 1), which has values usually in the nanosecond regime. Hence, for delay times
longer than 'ts 1 Eq. 3.10 becomes:

T,NL ( t ) --[T,NL (O)]bexp(-t/'tr)

_

-

const.bexp(-tl'tr) .

(3.14)

By fitting the long delay part of the experimental curve, 'tn can be determined and
then, by fitting the whole curve with Eq. 3.10, 'ts 1 and b can also be determined. It can
easily be seen from Eq. 3.10 that for b > 1 (the triplet excited state cross section greater
than the singlet excited state cross section) the nonlinear transmittance decreases in time,
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while for b < 1 (the triplet excited state cross section smaller then the singlet excited-state
cross section), the nonlinear transmittance increases in time.

After estimating the time decays of the excited states, the full 5-level model code is
used to fit the data both in the short time delay regime (including the temporal overlap
between the two beams) and the long time (nanosecond) regime.

3.3.2 Silicon Naphthalocyanine (SiNc)

SiNc is known to be a good and well studied reverse saturable absorber and it can be
used as a reference for other materials that are candidates for optical limiting [1,2]. The
results of the pump-probe experiment performed on a 1 mm thick cell filled with SiNc
solution in toluene are shown in Fig. 3.2. The linear transmission of the sample was 83%,
which gives a linear absorption coefficient of ao

=1.9 cm-

1

•

The ground-state absorption

cross section for SiNc is <Jo= 2.8 x 10- 18 cm2 [3]. Performing picosecond Z-Scan
experiments we have determined the singlet excited state absorption cross section cr 1 =
4.0±0.2 x 10- 17 cm2 , which is in good agreement with previous measurements [4].

At high energy we can easily see that the transmittance of the probe beam increases
within the first two nanoseconds of delay (more rapidly than at later times), which is the
decay time of the singlet state. At longer delays we can see that the transmission slowly
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increases, showing that the triplet state has a lot longer decay time. The curves were fitted
using the full 5-level model. Also we find that b = 0.65, which gives an effective triplet
excited-state cross section q>cr2 ~ 3.0±0.3 x 10- 17 cm2 (from Eq. 3.11), which is less than
the singlet excited-state cross section. So, even though the triplet cross-section may be
higher than the singlet cross-section, because only a fraction of the molecules from the S 1
state end up in the S2 state, the effective triplet cross-section is still smaller. This leads to
a monotonically decrease of the nonlinear absorption with time, as seen in Fig. 3.2.

Pump-Probe on SiNC at 532 nm,

28 ps pulses, T
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Fig. 3.2. Pump-probe in SiNc showing 5-level system behavior for ESA.
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3.3.3 Zinc Tetra (p-methoxyphenyl) tetrabenzporphyrin (Zn:TMOTBP)

Zn:TMOTBP is being studied because of its very good limiting performance-both in
the nanosecond and picosecond regime at 532 nm [5]. The 1 mm cell used in the
experiment contained a solution of Zn:TMOTBP in THF, which had a linear transmittance
of 64%, giving a linear absorption coefficient of ao

=4.5 cm-

1
•

The ground-state

absorption cross section was determined to be cr0 = 1.0 x 10- 17 cm2 , and the first excitedstate absorption cross section obtained from the picosecond Z-Scan experiments was cr 1 =
7 .8±0.2 x 10- 17 cm2 (see Chapter 2). The sample used in this experiment was an older
sample of Zn:TMOTBP. We found that a for a freshly made sample the single excitedstate absorption cross-section decreases from 18.0 x 10- 17 cm2 to reach a steady 7.8 x 10- 17
cm2 in about two weeks [5].
The data shown in Fig. 3.3 represents a pump-probe experiment done with excitation
energies of 0.77, 4.8 and 47 µJ. These curves show that the triplet is very long lived and
by fitting the data we have obtained the triplet lifetime to be

'tn ~

0.4µs.

Although it is harder to see from Fig. 3.3 (compared to SiNc), there is a decay from
the sing!et to the triplet state and this can be seen in Fig. 3.4 which shows what happens
on short time delays. The decay of the singlet excited state was found to be 'ts 1 ~ 0.5 ns.
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Pump-Probe on Zn:TMOTBP at
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28 ps pulses,

TL•

64%

1.2

~
I

Cl)

-

u

C:

~
.E

0. 8

E

V

E

-

C:

I~

-0

-~0

-

-

Cl)

~
I-

"' 0.77 µJ
"' 4.8 µJ
"' 47 µJ

E

0
D

't
S1

= 0.5 ns

't

= 400 ns

Tl

-

Cl)

,

-

§
0

:z:

0.4

-

.. ..

.
0

4000

0

12000

8000

Delay

(ps)

Fig. 3.3. Pump-probe experiment in Zn:TMOTBP.
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Fig. 3.4. Pump-probe in Zn:TMOTBP showing the singlet lifetime.
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3.3.4 Lead tetrakis(P-cumylphenoxy)phthalocyanine ( PbPc(P-CP) 4 )

If the first excited-state decays very rapidly towards a final (triplet) state that is long
lived, then the five level system can be well approximated by a three level system and we
can talk about only one excited-state cross section and one excited state decay lifetime.
This can be modeled assuming in the five level model that the triplet yield <I> is zero, then b
= 0 and the previously defined singlet excited state now plays the role of the excited state.
The nonlinear transmittance is given in this case by:

TNL(t)

= TNL(O)exp(-tl't

>,

where 'tis

the excited state lifetime. The same time dependence of the nonlinear absorption we
observed in the case of PbPc(P-CP) 4 , a reverse saturable absorber that shows large
nonlinear absorption.
In this highly concentrated solution the nonlinear absorption is not due to a triplet
state, but due to a rapid charge transfer to a new species with a single decay time [6].
The sample we have used was synthesized at the Naval Research Laboratory (NRL)
and it was in a 40 µm thick cell of a concentrated solution of PbPc(P-CP) 4 in CHCh with
70% linear transmittance. This gives a linear absorption coefficient of

ao =90 cm- 1 • The

linear absorption cross section for this material is found to be cr0 = 4.1 x 10- 18 cm2 • The
measured excited state absorption cross section is cr =.8.5±0.5 x 10- 17 cm2 (see Chapter 2).
The delayed pump-probe measurements shown in Fig. 3.5 were performed with input
excitation energies of 0.75, 2.0, 7.3 and 40 µJ.
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Pump-Probe on PbPC at 532 nm with 28 ps pulses
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Fig. 3.5. Pump-probe in PbPc(P-CP) 4 at 532 nm.

The fitted lifetime of the excited state is

't ~

36 ns, which is close to the 30 ns value

predicted by the Z-Scan experiments from Chapter 2. This decay of the nonlinear
absorption is considered to be due to possible exciton-exciton interactions [6].

3.3.5 Summary

These excite-probe experiments giving the excited-state lifetimes are complementary
to the Z-Scan experiments performed in Chapter 2 which give the excited-state absorption
cross-sections. The measured data at 532 nm for some of the organic samples tested are
summarized in Table 3 .1.
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Table 3.1
ESA Cross Sections and Lifetimes at 532 nm.

Material

Cross Sections (10- 18 cm2, with ±10%

Lifetimes (with ±10% error

error bars for the measured values)

bars unless stated)

O"o

as

(jT

<pO"T

't's2

't's1

<I>

SiPC

2.4

(a)

33

86

30

0.35

(a)

4.5 ns

(a)

0.5 ps

GePC

2.3

(a)

31

88

33

0.37

(a)

4.2 ns

(a)

0.8 ps

SnPC

2.1

(a)

32

120

66

0.55

(a)

2.0 ns

(a)

4.0ps

-

-

120

24

CuPC

15.8

70

H2PC

13.1

53

PbPC-P

4.1

85

PbPC-a

6.9

67

SiNC
Zn:TBP

2.8

(a)

10

40
180 (b)

-

0.20

160 (b)

(a)

't'n

36 ns

1 ps

-

1.3 ns

::;o.5 ps

0.3±0.1 µs

0.5 ns

::;o.3 ps

0.4±0.1 µs

(a)

numbers from Jet Propulsion Lab (JPL)

(b)

fresh made Zn:TBP; older than 2 weeks use crs = 78xl0- 18 cm2; supplied by US Army

Natick Research.
Note: PbPC-P from Naval Research Laboratory (NRL), assumes a three level model
instead of five.
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3.4 Two Photon Absorption (2PA)

The theory for the 2PA process was explained in Chapter 2. Using again the Z-Scan
technique the magnitude of the nonlinearities can be determined. To measure the decay
time of the excited state reached through the 2PA process (free-carrier state in the case of
semiconductors), pump-probe experiments come to help again.

3.4.1 Semiconductors: ZnSe

With an excitation at 532 nm we are within the 2P A region of many wide gap
semiconductors, where nro < E g < 2nro . Pump-probe experiments in this regime can
determine the lifetime of 2PA created carriers.
In ZnSe the two-photon absorption coefficient was previously found by using single
pulse transmittance measurements at sufficiently high irradiances to be~= 5.5 cm/GW
[7]. The carriers generated by the 2P A process can further linearly absorb photons from
the excitation beam. The carrier absorption cross section is labeled cr. The 2PA Eqs. (2.6)(2.8) are used to fit the pump-probe data as follows:

If the weak pulse comes to probe the sample for delays within the pulsewidth of the
excitation, the probe beam will see 2PA and, for strong enough excitation and cr, the
carrier absorption. For delays longer than the pulsewidth, however, because the 2PA
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process is irradiance dependent (an "instantaneous" nonlinearity), the 2PA is not seen, and
no more carriers are generated. For these delays we can drop the 2PA term in Eq. (2.6).
For these longer delays, the probe beam will experience absorption only due to the
carriers generated during the excitation pulse, so the transmittance of the probe beam will
give us the decay time of the carriers. For low densities of carrier production, the carriers
have a simple exponential decay: N ( t) = N O exp( -t I 't) and the transmittance of the
probe can be determined from:

-di = -crN0 exp(-t /'t)/.
dz

(3.15)

The nonlinear transmittance can be easily obtained by integrating Eq. (3.15):

TNL

= T(Otxp(-rt-r>, where

T(O)

= exp(-crN0 L).

(3.16)

The ZnSe sample used in this experiment was a 3 mm thick Zinc Selenide structure
polycrystal grown by chemical vapor deposition.
We can see for the pump-probe data in Fig. 3.6 that the probe beam experiences
absorption during the time overlap with the excitation·pulse, which is evidence for 2PA.
The signals obtained contain both 2P A and the following ESA. Fitting the data around
zero delay we obtain a 2PA coefficient~= 6.5±0.6 cm/GW, which is close to the 2PA
absorption coefficient measured with Z-Scan experiments in Chapter 2. The decay of the
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carrier concentration leads to an increase in the probe beam's transmittance with
increasing delay. The measured relaxation time for the carriers induced in ZnSe is 't z 11
ns.

ZnSe - excite probe
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Fig. 3.6. Pump-probe in ZnSe at 532 nm showing 2PA followed by free carrier absorption.

3.4.2 Liquid Crystals: 5CB

5CB is a nematic liquid crystal commercially available. The sample used in our
experiments was produced at the Liquid Crystal Institute of Kent State University. The
highest nonlinearity observed in this sample was when the polarization of the excitation
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beam was parallel with the orientation direction of the molecules. For this reason we had
to replace the polarizers that were separating the probe beam from the pump beam with an
aperture in order to have only the probe beam at the detector D3 (in Fig. 3.1).
The Z-Scan experiments that we described in the previous chapter indicated two
photon absorption followed by excited-state absorption. The sample's thickness was 40

µm.

Pump-Probe on 5CB at 532 nm, 28 ps pulses
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Fig. 3.7. Pump-probe in liquid crystal 5CB at 532 nm showing 2PA followed by excited
state absorption.

Z-Scan experiments predicted a 2PA coefficient~= 0.4±0.1 cm/GW [8]. To fit the
data shown in Fig. 3.7, we use an excited-state absorption cross section of cr = 6 x 10- 17
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cm2 • Fitting the long time response of the nonlinear absorption we find the lifetime of the
excited state (that was induced by 2PA) to be 't :;:::; 30 ns.
As in the ZnSe case, we can see in the short delay data shown in Fig. 3.8 that during
the overlap of the pulses there is a significant absorption due to 2PA and the following

ESA.

Pump-Probe on 5 CB at 532 nm, 28 ps pulses
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Fig. 3.8. Short time delay pump-probe in liquid crystal 5CB at 532 nm .

The solid lines in Fig. 3.8 are theoretical fits for the 2PA-induced excited state
absorption. The extra feature that we see in the signal during the pump pulse is due to
beam coupling between the pump and probe beams via stimulated Rayleigh-wing
scattering. This is a purely refractive effect, and it will be explained in detail in Chapter 5.
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3.5 Nonlinear Scattering

In the search to find suitable materials for optical limiting, we have studied a series of
inorganic materials provided by Dr. Shu Shi from the University of Singapore. We
describe a series of experiments on solutions of the most promising of them, i.e., the
inorganic metal cluster molecules Mo 2Ag4S 8 (PPh 3) 4 • The data obtained on this material is
compared with data on a suspension of amorphous carbon particles in liquid (ink). The
optical limiting behavior is measured using both single picosecond 532 nm pulses and
nanosecond long trains of these picosecond pulses. Both materials show reduced
transmittance for increasing fluence (energy per unit area). We also perform picosecond
time-resolved pump-probe measurements. We find that the observed pump-probe data is
nearly identical for the metal cluster solution and the carbon black suspension (CBS), and
we therefore conclude that the nonlinear mechanisms are the same for the two materials.
Previous studies have shown that the nonlinear losses in amorphous carbon suspensions
are due to scattering and absorption by microplasmas formed after thermionic emission
from heated particles [9-11].

3.5.1 Introduction

Of the many mechanisms for optical limiting, nonlinear scattering in suspensions of
small particles and nonlinear absorption in reverse-saturable absorbers (RSA) dyes are
currently viewed with most interest. One of the materials that falls into this category is
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carbon black suspension (CBS), a suspension of carbon black particles in a mixture of
water and ethylene glycol (i.e. diluted black drawing ink) [9-11]. The nonlinear response
and the responsible mechanisms for CBS have been well studied, enabling a clear
understanding of how this material limits via nonlinear scattering. There have been a
number of studies of a variety of inorganic metal cluster compounds where reverse
saturable absorption (RSA), also known as excited state absorption (ESA). ESA was
determined to be responsible for the optical limiting behavior [12-14]. In Ref. [12] an ESA
model using a 5-level system was used to describe the nonlinear optical properties of the
inorganic metal cluster compounds.

1000---------------------

o.001---------------------0.01
100
10000

Input Energy (µJ)
Fig. 3.9 Optical limiting in Mo2Ag4Ss(PPh 3) 4 in acetonitrile at 532 nm, 9ns (FWHM)
pulses.
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We studied a series of these materials and found that Mo2Ag4 S 8 (PPh 3) 4 was the best
limiting material in this series for 532 nm pulses. Figure 3.9 shows the limiting for the
inorganic metal cluster molecules Mo 2Ag4S 8 (PPh 3) 4 in acetonitrile with nanosecond pulses
at 532 nm, focused down to 6 µm (HW1/e 2M). The data shows very good limiting
behavior even though the linear transmittance is 97%. It can be seen that for input energies
higher than 1 µJ the output energy deviates from the linear absorption. However, as it will
be shown in the following, the dominant mechanism in nonlinear optical limiting is not
RSA but the same nonlinearity as is dominant in CBS.

It was shown [9-11] that nonlinear scattering dominates the transmissive losses of

CBS and that the limiting is fluence dependent so that limiters based on black ink are
effective for nanosecond pulses but not for picosecond pulses. Additionally, the-nonlinear
scattering as well as the limiting behavior ceases after repeated irradiation. Both of these
effects are also seen in the metal cluster solution. For liquids, flowing eliminates the effects
caused by repeated irradiation. All the data obtained on CBS are consistent with a model
of direct heating of the microscopic sized carbon particles by linear absorption, with
subsequent optical breakdown initiated by thermally ionized electrons. A simple
calculation gives temperatures higher than the sublimation temperature at the onset of
limiting. Emission spectra measurements show singly ionized carbon emission lines with a
hot black-body background emission consistent with a temperature of 4000 °K. A rapid
expansion of the microscopic plasmas generated by the breakdown will effectively scatter
further input light. Indeed, in time resolved experiments on CBS the trailing portion of the
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pulse is most heavily scattered. The time-resolved transmittance of a weak cw probe beam
also follows the temporal dependence of the singly ionized carbon emission (100 ns)
[ 11, 15, 16]. Direct monitoring of the scattering by angularly resolving the scattered light
for different input fluences and fitting to Mie scattering theory shows expansion of the
scattering centers [ 11].

While we have not performed all the detailed experiments on the inorganic clusters
that were done on CBS, the results of the experiments that we have performed show such
a striking similarity to the results for CBS that we have a high level of confidence that the
mechanisms are the same. Thus, the above conclusions for CBS can be applied to the
metal cluster solutions, and it appears that the metal cluster molecules form aggregates.
We see, for example, that after repeated irradiation the limiting effectiveness of.the cluster
solution is reduced just as for CBS. The inorganic cluster samples are saturated solutions
in acetonitrile with a yellowish precipitate at the bottom of the cell. Indeed, if the cell sits
for several days the limiting characteristics are severely degraded. Limiting for CBS is
extremely broadband, since carbon particles in a suspension are "black" and the
microplasmas are initiated by linear absorption. The bandwidth of limiting in the metal
cluster solutions has not yet been determined.
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3.5.2 Experiments

We performed optical limiting and pump probe experiments on CBS and the inorganic
metal cluster, Mo2Ag4S8 (PPh 3)4. The structure of the latter is shown in Fig. 3.10.
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Fig. 3.10. Structure of inorganic metal cluster Mo2Ag4Ss(PPh 3)4.

Besides nanosecond limiting experiments as the one shown in Fig. 3.9, the nanosecond
regime was simulated with the Q-switched envelope (i.e. train) with a FWHM of 45 ns
having mode-locked picosecond pulses separated by 7 ns. The limiting curve shown in
Fig. 3.11 is very similar to the curve shown in Fig. 3.9, as expected. In both Figs. 3.9 and
3.11 the solid line represents the linear transmittance of 97%.
Because of the fluence dependence of the ESA process we were expecting to have
almost the same behavior with picosecond pulses. This does not happen for the metallic
cluster. Both limiting and Z-Scan experiments performed with picosecond pulses at 532
nm show very small nonlinear response.
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Fig. 3.11. Limiting in Mo2Ag 4S 8(PPh 3) 4 using 45 ns (FWHM) train of picosecond pulses.

To further study the nonlinear behavior of this sample we performed pump-probe
experiments using the same apparatus shown in Fig. 3 .1.
Figure 3.12 shows a plot of the normalized probe transmittance as a function of
temporal delay between pump and probe. A typical signal for an excited-state absorber is
the response of zinc tetra (p-methoxyphenyl) tetrabenzporphyrin (TBP), which, as
described previously, gives a tum-on time much shorter than the 30 ps pulsewidth and a
long lifetime for the nonlinear absorption [5]. The ino_rganic metal cluster, however, has a
different response, a slower tum-on time of the nonlinearity, but a much higher nonlinear
absorption.
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Fig. 3.12. Normalized transmittance of the probe as function of time delay between pump
and probe for a pump energy of 50 µJ.

The energy dependence of the pump-probe signal for Mo 2Ag4S 8 (PPh 3) 4 can be
observed in Fig. 3.13. As the pump energy increases, the limiting performance improves.
What is characteristic to this sample, and, at the same time, very hard to explain with an
BSA model, is the fact that the turn-on time of the nonlinearity is not smaller than the
picosecond pulse width and it seems to become smaller as the input energy increases. This
is an indication of the fact that the nonlinear response may be related to the creation of
opaque particles, which needs some time. The harder the material is hit by light, the more
particles are being created and the time needed to achieve a certain degree of opaqueness
is smaller.
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Fig. 3 .13. Normalized probe transmittance function of time delay for inorganic metal
cluster Mo 2Ag4S 8 (PPh 3)4, for pumping energies of 14 (open circles), 50 (squares), 100
(triangles), and 200 µJ (filled circles).

Figure 3 .14 shows a comparison of results for the inorganic cluster solution and CBS.
The coincidence of the data for different energies for the CBS and clusters is remarkable.
This clearly demonstrates that the nonlinear phenomena are the same. Also, it is interesting
to note in Fig. 3.14 that changing the sample thickness does not change the nonlinear
behavior, which indicates that the limiting mechanism may be due to what is commonly
referred to as laser-induced damage. The extra feature that can be seen around zero delay
in Fig. 3.14 for CBS is the contribution of the solvent (toluene), and is due to transient
energy transfer via Stimulated Rayleigh Wing Scattering, the same as for the liquid crystal
from 3.4.2, and it will be discussed in Chapter 5. Of course, this data only shows that the
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phenomena are the same for picosecond inputs. We can expect that the nonlinear
mechanisms remain the same for longer pulses due to the similarity of response for optical
limiting with longer pulses for these materials.
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Fig. 3.14. Normalized probe transmittance as a function of time delay for the inorganic
cluster Mo 2Ag4 S 8 (PPh 3) 4 1 mm cell (triangles), CBS 1 mm cell (circles) and CBS 5 mm
cell (squares).

3.5.3 Discussion of limiting mechanism in CBS and Mo2Ag4 S 8 (PPh 3) 4

The dominant nonlinearity in CBS as discussed in detail in Ref. [ 11] is a multistep
process as described in 3 .5 .1. The nature of the scattering centers as ionized particles was
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confirmed from line emission spectra and time resolved fluorescence measurements which
were consistent with previous measurements of plasma production using carbon targets
[17]. The time-resolved transmittance measurements also show that the limiting lasted
only for the lifetime of the microplasma, again consistent with the microplasma scattering
model. The role of bubble formation at the onset of limiting was investigated by
performing experiments on samples of carbon black deposited on glass. The similar results
obtained for these samples as compared with the liquid suspensions shows that bubbles are
not important at or near threshold. However, well above threshold the heat vaporizes
both the carbon and the liquid so that bubbles are formed [18,19]. These appear on longer
time scales as reported in Ref. [19] and can cause problems for high energy limiting and/or
for high repetition rate limiting applications. The disappearance of the limiting effect after
multiple-pulse irradiation of a single site (before the liquid can be replenished) glso
confirms the fact that the carbon particles are destroyed i.e. in this case ionized and
vaporized or "atomized", so that they no longer effectively scatter light. The fluence
dependence for CBS was confirmed by focal spot size dependence measurements using
collimated beams and by pulsewidth dependence measurements using nanosecond and
picosecond irradiation. However, we showed that if a tight focusing geometry is used
where the depth of focus is shorter than the sample thickness the fluence dependence is
masked, and the response becomes energy dependent (i.e. independent of focusing) [11].
This is important to consider in optical limiting applications. The process involved in CBS
is laser-induced damage, and we have prepared a material with a very low damage
threshold. This understanding of the limiting mechanisms also tells us that we will not be
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able to significantly (i.e. 1Ox) lower the limiting threshold or increase the bandwidth. The
reasons are that the carbon is "black" and therefore broadband and highly absorbing. To
lower the threshold we must either increase the absorbance or lower the ionization
threshold. At the moment a carbon black suspension is one of the most effective optical
limiting materials available for nanosecond laser pulses. The fact that the inorganic clusters
of Mo2Ag4Ss(PPh3)4 give nearly identical results to CBS is certainly intriguing and may
lead us to find methods for lowering the limiting threshold.

We conclude that the dominant nonlinearity leading to limiting in both the inorganic
metal cluster Mo2Ag4Ss(PPh3)4 and carbon black suspension (CBS) is a combination of
nonlinear scattering and nonlinear absorption. The mechanism for this nonlinearity is rapid
heating of the clusters or carbon particles and subsequent vaporization and ionization of
these particles which lead to the formation of rapidly expanding microplasmas. These
microplasmas absorb and scatter subsequent light. At higher inputs bubbles can be formed
which further scatter light. After irradiation, the particles are vaporized and if not
replenished (for example at high repetition rates) the transmittance is increased. Therefore,
for protection against multiple pulse irradiation the liquids must be flowing. The spectral
dependence for CBS is known to be broadband while that of the inorganic clusters has not
yet been studied.
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3.6 Conclusions: time-dependence of mechanisms leading to optical limiting

In conclusion, we have presented a series of pump-probe experiments on a variety of
samples exhibiting different nonlinear mechanisms. It was shown that the Silicon
Naphthalocyanine (SiNc), Zinc Tetra (p-methoxyphenyl) tetrabenzporphyrin
(Zn:TMOTBP), and Lead tetrakis(P-cumylphenoxy)phthalocyanine (PbPc(P-CP)4) show
the time dependence characteristic of excited-state absorbers (ESA). Both the singlet and
triplet lifetimes were measured for these samples. Semiconductors with the right bandgap
(for example, ZnSe at 532 nm), some liquid crystals, and other organic or inorganic
materials can show two-photon (or even higher order multiphoton) absorption (2PA) at
the proper wavelength. Time delayed pump-probe experiments can determine the lifetime
of the two-photon induced higher excited states. Another mechanism that can lead to
transmission loss is nonlinear scattering. This was examined in the inorganic metal cluster
molecules Mo 2Ag4S 8 (PPh 3 ) 4 in comparison with carbon black suspension (CBS).

The time dependence of the presented nonlinear mechanisms is very different. Because
ESA is.fluence dependent rather than irradiance dependent, the materials showing ESA
can be used to limit a large range of pulses, from picosecond to nanosecond pulse widths.
Opposite to ESA materials, 2P A being irradiance dependent, materials with 2PA as the
dominant absorption mechanism show better limiting properties for shorter pulses ( which
corresponds to higher irradiance) and poorer or no optical limiting for longer pulses.
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Nonlinear scattering, on the other hand, needs time to tum-on, such that short
(picosecond) pulses have no time to take advantage of the created scattering centers. For
this reason, materials showing nonlinear scattering limit longer (nanosecond) pulses well.
Once the scattering center is created, the light is practically blocked, so, mathematically
speaking, one can say that nonlinear scattering is a much higher order nonlinearity than
2PA (third order) or ESA.

The main conclusion that can be drawn is that one should choose the right material
according to the range of pulse widths one is trying to limit. However, this is not the only
criterion that one might have. Besides the pulse width restrictions there are wavelength
restrictions as well. The nonlinear mechanisms described here may or may not be very
frequency dependent, and one has to test the material over the whole wavelength spectrum
that one is trying to limit. This is one of the reasons that leads to the building of the
nonlinear spectrometer described in the next Chapter.
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CHAPTER4

ULTRAFAST NONLINEAR SPECTROMETRY

In order to extend the characterization of nonlinear absorption and refraction of
materials over the entire visible range (and near infrared in the future), a nonlinear
absorption spectrometer was built. The goal of experiments with this apparatus is to study
the spectra of nonlinear absorption and, eventually, to study the dynamics of the nonlinear
absorption by means of femtosecond excite-probe measurements.
After a brief introduction (Section 4.1 ), Section 4.2 describes the high energy
femtosecond laser system needed for white light continuum generation. Using the
femtosecond continuum pulse (discussed in Section 4.3) as a probe in the excite-probe
experiment (described in Section 4.4), we can determine the nonlinear absorption spectra
of the investigated materials. In Section 4.5 we use the Kramers-Kroning relationships to
obtain the change in the index of refraction by integrating over the entire absorption
spectrum. By varying the time delay between the pump and the continuum probe beam,
the time evolution of the excited state absorption in RSA materials can be determined
(Section 4.6). The information gathered by performing time-delayed nonlinear
spectroscopy is summarized in Section 4.7.
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4.1. Introduction

As described in Chapter 2, the Z-Scan method is a very powerful tool for measuring
the magnitude of the nonlinear absorption. To complement this with knowledge on the
time evolution of the nonlinear processes, we presented a series of pump-probe
experiments in Chapter 3. However, these experiments give us very accurate information
about the nonlinearities only at the laser wavelength. As described in Chapter 1, an ideal
optical limiter would work at any wavelength. Practically, for a visible optical limiter, we
should use a material exhibiting strong nonlinear absorption at least between 350 nm and
750 nm, in order to cover the spectral eye response shown in Fig. 1.2. There are several
ways to measure the nonlinearity over this broad spectral range. Varying the laser
wavelength in order to perform single wavelength Z-Scan and pump-probe exp~riments is
a good method, but expensive and time consuming. It requires the use of optical
parametric processes [ 1] to generate the needed frequencies and repeating the experiments
for every wavelength. In this chapter the task of measuring the nonlinearities over a broad
spectrum is approached in a different manner. Instead of performing the same experiment
at different wavelengths, we perform a single pump-probe experiment using the whole
spectrum of probing frequencies needed for investigation at the same time. This is
achieved by using a continuum white light pulse as a probe in the excite-probe experiment.
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4.2. Femtosecond Source

Because the continuum can be obtained only with very high power densities, the laser
source has to be able to produce ultrashort (femtoseconds) and very energetic (millijoules)
pulses. The system is schematically presented in Fig. 4.1.

100 fs, 6 nJ

A= 850 nm

A

Ti: Sapphire Oscillator

Pulse Stretcher
200 ps

100 fs, 1 mJ

A

2mJ

Pulse Compressor

-

LiSaf

Regenerative Amplifier

Fig. 4.1. Femtosecond source schematic.

The system consists of a femtosecond oscillator, pulse stretcher, regenerative
amplifier, and pulse compressor. The following briefly explains every one of these
elements.

The oscillator shown in Fig. 4.2 is a Ti:Sapphire self-mode-locked symmetrical cavity
that gives about 100 fs (FWHM) pulses at 850 nm, with an average power of 500 mW.
The pumping source is a Laser Ionics Argon-Ion laser. The 6W cw argon-ion laser beam
is focused into a 4.5 mm long Ti:Sapphire crystal that is the lasing crystal for the
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oscillator. The symmetric X-folded cavity contains a system of two LaKL21 prisms (R.
Mathews Optical Works) [2] separated to introduce the appropriate negative dispersion in
the cavity necessary to account for the positive dispersion introduced by the cavity
elements, especially the Ti:Sapphire crystal. The net cavity group velocity dispersion
(GVD) strongly influences the pulse width [3]. The cavity contains a tunable birefringent
filter (BRF) from Coherent [4] used to force the cavity to lase around 850 nm. This is
necessary to match the regenerative amplifier laser, which has a lasing peak at this
particular wavelength (Ti:Sapphire peak is at 780 nm).

Argon Ion

LASER
BRF

Fig. 4.2. Ti:Sapphire oscillator.

The gain region in the Ti:Sapphire crystal is spatially defined by the focused pump
beam. Hence, laser mode will be attracted to this region of the crystal. Because of the
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positive nonlinear refractive index, the infrared beam will be self-focused in this region and
will take advantage of the higher gain in the center of the focused pump.

Fig. 4.3. Ti:Sapphire oscillator output: 87 MHz mode-locked train of femtosecond pulses.

This acts in the same manner as a fast saturable absorber, leading to mode-locking,
known in this case as Kerr lens mode-locking (KLM).[5] The mode-locking process is
very fast and is started by any small perturbation in the cavity. The bandwidth of the gain
medium is large enough to produce ultrashort pulse and the self-phase modulation
(induced through the nonlinear refractive index of the crystal) helps compensate for
dispersion. This way, via n2 we get both self-focusing and KLM. KLM gives rise to a train
of pulses separated in time by the time it takes for the pulse to travel through the cavity
(one round trip) and escape through the output coupler.
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The output of the laser is a 87 MHz train of 100 fs FWHM pulses. The energy of a pulse
is approximately 5 nJ. The 87 Mhz train can be seen in Fig. 4.3, where we can see the 11.5
ns separation between pulses (corresponding to a cavity length of 1.7 m).

From Ti:Sapphire

Filters
Detector

S. H. Xtal

I

Translation
Stage

[I]
0

l

Comer cube
on Speaker

Function
Oscilloscope Generator
Fig. 4.4. Interferometric autocorrelator setup.

To carefully characterize the pulse, the pulse width and bandwidth are constantly
monitored. The pulsewidth is measured using an interferometric autocorrelator (Fig. 4.4)
consisting of a Michelson interferometer with one of the arms modulated in length at
about 30 Hz with a speaker.
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The detector that reads the second harmonic is read at the same frequency as the
signal that drives the speaker, such that an interferometric curve such as the one in Fig.
4.5.a. is achieved.
The interferometric autocorrelation gives us information about the pulse width, the
coherence time and the amount of chirp that the pulse has.[6] Fig. 4.5.a shows the trace of
a bandwidth-limited pulse (zero chirp) with a pulse width of 103 fs FWHM.

Fig. 4.5. (a) Interferometric and (b) averaged autocorrelations of a 103 fs FWHM pulse.
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If, instead of using a fast detector that can follow the oscillations of the interference

part of the total irradiance, one uses a slow detector that averages the interference part, in
that case one obtains the averaged autocorrelation, whose width depends only on the pulse
width and not on the coherence time, as seen in Fig. 4.5.b. In the case of a bandwidth
limited pulse, the interferometric and averaged autocorrelations have the same width,
because the pulse width of the pulse equals the coherence time.
The bandwidth of the pulse is monitored using an optical fiber spectrometer and Fig.
4.6 shows the spectrum of a nearly Gaussian pulse with a bandwidth of 10.5 nm FWHM,
which corresponds to a 103 fs FWHM pulse width, the same pulse that gives the
autocorrelations in Fig.4.5.
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Fig. 4.6. Measured wavelength spectrum of a 103 fs (FWHM) pulse, showing a 10.5 nm
(FWHM) bandwidth, centered at 841 nm.
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If we look at the product between the width of the frequency spectrum and the pulse
width, we can see if the pulse is bandwidth-limited.[6] For a bandwidth-limited Gaussian
pulse,

.,,J.
'!
1
f::.T(FWHM)·f::.v(FWHM) = ~n..J2 ]J ·-f::.ro =0.44,
27t

(4.1)

where 't · f::.ro = 1 is the relationship between the HWl/eM of the pulse in the time domain
('t) and its Fourier transform correspondent, the HWl/eM of the pulse in the frequency

domain. With A = c /v we obtain:

2

f::.T(FWHM) · f::.11,(FWHM) = -0.44 11,

•

(4.2)

C

For the pulse measured in Figs. 4.5 and 4.6 we obtain a time-bandwidth product of
0.46, very close to the bandwidth-limited pulse limit of 0.44.

Th~ energy of the pulses coming out of the oscillator is on the order of nanojoules. An
regenerative amplifier is used to amplify these pulses to milijoules. However, one cannot
simply amplify femtosecond pulses to this energy level, simply because the power density
would be much higher than the damage threshold for the optical elements in the amplifier,
including mirrors, wave plates, and the amplifier crystal itself. Hence, a chirped pulse
amplification method [7 ,8] is being used. A pulse stretcher containing a set of gratings and
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mirrors [9] is used to linearly chirp the pulses, making them on the order of hundreds of
picoseconds, but keeping the same 10-15 nm bandwidth. The pulse injector selects pulses
at a repetition rate of 4 Hz and sends them into the LiSAF regenerative amplifier cavity at
the proper time, in order to benefit from the gain in the cavity.
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Fig. 4.7. Pulse stretcher, LiSAF based regenerative amplifier cavity and pulse compressor.

The regenerative amplifier shown in Fig. 4.7 is actually a laser cavity with a back
mirror and an output coupler. The gain medium is a flash-lamp pumped LiSAF crystal.
This crystal has a very broad gain spectrum peaked at 850 nm. This makes it ideal for
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amplifying spectrally broad femtosecond pulses. The amplification obtained this way is on
the order of 106 and the repetition rate is 4 Hz.
The output of the LiSAF Q-switched cavity is a train of pulses. Using proper time
delay for the electronics that control the Pockels cells in the system, one pulse is switched
out by a pulse selector. This output pulse has an energy of more .than 1 mJ.
The pulse is compressed back to a 100 femtosecond pulsewidth by the pulse
compressor, which compensates not only for the linear chirp introduced by the stretcher,
but also for any other linear chirp due to the rest of the elements in the system.
The pulsewidth of the 4 Hz amplified beam is monitored by a single shot
autocorrelator [ 10, 11].

4.3 . Continuum Generation

A high energy (-100 µJ) short pulse (under 100 fs) focused into most transparent
optical material, because of self-phase and cross-phase modulation, creates a white light
continuum with wavelengths centered on the pump wavelength (850 nm in our case).[12]
This occurs very near the threshold for optical breakdown of the material. Another
process that modifies the shape of the white light spectrum is self-steepening [13-14],
which appears because of the dispersion of the nonlinear refractive index. Because of the
highly nonlinear behavior of materials at very high intensities, a very broad spectrum of
light ranging from the UV to IR is created [ 15].
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Although we have obtained continuum in all kinds of materials: quartz, fused silica,
sapphire, etc., because of damage, the highest conversion efficiencies of near IR light into
white light are obtained by focusing the laser into a liquid (ethylene glycol, water (16]).
Even though the efficiency is very good when passing through longer cells of liquid,
smaller lengths of liquid are required for generation of femtosecond pulses of white light,
in order to avoid the chirping (and hence, broadening in time) of the pulse due to group
velocity dispersion (GVD). This way, the generated continuum can have nearly the same
pulse width as the near-infrared pump beam.

Continuum

Spectrum

3000

2000

1000

0

600

400

800

A (nm)

Fig. 4.8. Part of white light continuum spectrum obtained in our system. The spectrum is
truncated by filters used to stop the IR source from damaging the detection system.

In Fig. 4.8 is shown a continuum spectrum obtained in a 1 cm cell of water pumped
with 300 µJ at 850 nm, 120 fs (FWHM) pulse. The continuum is considerably broader
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than shown as filters were blocking wavelengths below 400 nm and above 750 nm. This
spectral range is wide enough for studies of visible optical limiters, but by using
appropriate optics a very broad spectral range could be used experimentally, i.e., from 200
nm to about 1,600 nm.

4.4. Measurements of Nonlinear Absorption Spectra

lmJ,200fs,850nm

DB

Fig. 4.9. Continuum pump-probe experimental setup.

Fig. 4.9 shows the setup for the continuum excite-probe measurements. Half of the
850 nm beam is used to produce the continuum (as explained in the previous Chapter).
Before focusing into the water cell (which proved to give better continuum pulse than
glass) we clean the spatial profile of the beam using a spatial filter. This helps eliminate
spatial spikes in the beam profile that lead to large variations in the spatial and frequency
profile of the generated white light. The continuum pulse is divided in two by a broadband
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beam splitter. This way we obtain two continuum pulses with the same characteristics.
One of them is used as a probe beam in the pump-probe experiment by spatially
overlapping it with the pump beam while the other continuum beam is used as a reference
for the first probe beam. The other half of the 850 nm beam is delayed such that it arrives
before the probe beams at the sample and is frequency doubled by passing it through a
second-harmonic generating crystal. In this way we could obtain 40 µJ of pump at 425 nm
and a couple of microjoules in each continuum probe beam.
The continuum generated has the same polarization as the 850 nm beam that produced
it. If a sample is under the influence of a strong excitation beam and a probe beam arrives
at the same time, or shortly after, within the decay time of the nonlinearity, then the probe
beam will see the nonlinearity induced by the excitation. If the probe beam is the
continuum beam, than we can monitor the nonlinearity induced by the excitation over the
whole continuum spectrum. With another continuum probe beam going through the
sample as a reference beam, the induced transmission change can be measured as function
of wavelength on a single shot. Hence, the spectrum of the nonlinearity can be measured
over the continuum spectrum. This is shown in Fig. 4.9, where the dual channel
spectrometer is recording the spectrum with and without the induced nonlinearity. The
normalized nonlinear spectrum is obtained by dividing these two spectra. The reference
spectrum is necessary because the continuum spectrum fluctuates significantly from shot
to shot due to small fluctuations in the infrared pump pulses and very high order nonlinear
processes that lead to the production of the continuum itself.
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The first tests in the search for a good visible optical limiter are the Z-Scan
experiments explained in Chapter 2 and the pump-probe experiments form Chapter 3.
These show the nonlinear behavior at 532 nm, which is close to the peak of the human eye
spectral response (Fig. 1.2). Based on the results of these experiments, the materials that
seem more promising are the reverse saturable absorbers based on excited-state
absorption. In particular, Silicon Naphthalocyanine (SiNc), Zinc Tetra (p-methoxyphenyl)
tetrabenzporphyrin (Zn:TMOTBP), and Lead tetrakis(P-cumylphenoxy)phthalocyanine
(PbPc(P-CP) 4) are samples of significant interest to passive optical limiting. Their behavior
at 532 nm was presented in Chapters 2 and 3 and we learned that in all these materials,
excited-state absorption (singlet or triplet) is responsible for the nonlinear absorption.
Fig. 4.10, Fig. 4.11, and Fig. 4.12 show the molecular structure of the studied
materials: SiNc, Zn:TMOTBP, and, respectively, PbPc(P-CP) 4 • Both phthalocyanines and
porphyrins have similar linear and nonlinear properties. We have seen in Chapter 2 that by
adding the metal in the center of the ring structure, the excited-state absorption cross
section is enhanced. In fact, it was found that the bigger the metal (by mass), the better the
limiting properties due to enhanced spin-orbit coupling thus better triplet yield [17].
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O-Si(n-C6H 13)3

Fig. 4.10. Molecular structure of Silicon Naphthalocyanine (SiNc).

Fig. 4.11. Molecular structure of Zinc Tetra (p-methoxyphenyl) tetrabenzporphyrin

(Zn:TMOTBP).
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Characteristic to the linear absorption spectrum of these organic molecules are the two
main absorption bands, the Band Q band [18-20]. The linear absorption bands for
Zn:TMOTBP can be easily seen in Fig. 4.13. It is interesting to note that the experiments
from Chapters 2 and 3 were performed at 532 nm, while the continuum pump-probe
experiments described here use a pump beam at 425 nm.
Although the excitation beam in these experiments have different wavelengths, we can
assume that the same transitions are involved, such that the same excited states are
responsible for the nonlinear behavior.
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Fig. 4.13. Linear absorption spectrum of Zn:TMOTBP (right) and the transitions
responsible for the absorption peaks (left).

This assumption is based on the level structure shown in Fig. 4.13 (left) where we can
see that the transitions between the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) end up in the same excited state (6eg) [20].
In our five-level model described in Chapter 2, this level corresponds to S 1. To verify this
model one has to perform experiments with different pumping frequencies. This can be
done using an optical parametric process to change the wavelength of the pump beam.

The first experiments were performed with the white light continuum probe beams
delayed 10 ns from the 425 nm pump beam. One of the probe beams is spatially
overlapped with the pump, such that they can probe the nonlinear response of the material.
Using the dual channel fiber spectrometer we can measure at the same time both probe
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beam spectra. By dividing these spectra to the continuum spectrum, we plot in Fig. 4.14
both the linear (solid line) and nonlinear (dashed line) transmittance spectra.

Zn:TMOTBP pumped with 38 µJ @425 nm
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Fig. 4.14. Linear and nonlinear transmittance spectra for Zn:TMOTBP.

To understand the nonlinear behavior in terms of absorption bands we can transform
the transmittance (given by T) spectra in absorption (given by a) spectra with the simple
relationship T = exp(-aL). In Fig. 4.15 we can see how the linear absorption spectrum
(solid line) changes into a nonlinear spectrum (dashed line) when the probe beam looks at
the sample after the 38 µJ pump at 425 nm.
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4.15. Linear (solid) and nonlinear (dashed) absorption spectra for Zn:TMOTBP.

By dividing the nonlinear spectra by the linear transmittance spectra we obtain the
normalized nonlinear spectral response shown in Fig. 4.16 for Zn:TMOTBP and SiNc.
The dispersion of the excited state absorption cross-section can then be inferred. It can be
seen from Fig. 4.16 that SiNc has a fairly uniform nonlinear response over the visible
range, making it a good candidate for optical limiting. Zn:TMOTBP, on the other hand,
has different nonlinear absorption response over this spectral range.
Very strong nonlinear absorption in the blue and green part of the spectrum (better
limiter than SiNc for these wavelengths), Zn:TMOTBP becomes a saturable absorber in
the red part of the spectrum.
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Fig. 4.16. Normalized nonlinear spectra for SiNc and Zn:TMOTBP. Continuum probe
pulse delayed 10 ns from the 425 nm pump pulse.

4.5 Kramers-Kronig Relationships

Kramers and Kronig discovered independently in the 1920s the relations that bear their
names for scattering of X-rays. They introduced a fundamental relationship between the
real and imaginary part of a time-independent response function R( ro) of a linear system.
In the following we will show how the Kramers-Kronig relations can be deduced for linear
optics and how they can be applied to nonlinear optics. In order to be able to obtain the
Kramers-Kronig transformations, three principles have to be satisfied: causality, the
response of the medium P(t) depends only on the applied signal E('t) fort> 't; time-
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invariance, the response is the same whenever the signal is applied; and linearity, the
response of the medium has to have a linear dependence on the input signal.
For an optical system, the response of the medium is represented by the polarization:

P(t)

=J: R(t;t)E('t)d't =J: R(t-'t)E('t)d't.

(4.3)

The last identity in Eq. 4.3 is a consequence of the time-invariance of a linear system
response. The Fourier transform of Eq. 4.3 gives us the linear part of the polarization at
frequency ro, (e.g., in Chapter 1 see the first term of Eq. 1. 1):

P(ro) = R(ro)·E(ro) =E 0 X(ID)·E(ro).

(4.4)

By applying the causality principle to the time response function (the Fourier transform of
the response function from Eq. 4.4) we obtain in the frequency domain the following
equation [21]:

X(ro) =~Pf

X(Q) dQ'
-n-ro

Z7t

00

(4.5)

where P denotes the Cauchy's principal part integral. Because x(ro) is a Fourier transform
of a real function,

x(ro) =(X (-ro))"'

we can transform Eq. 4.5 to integrate only over the

physically possible positive frequencies by separating the complex susceptibility into its
imaginary and real parts. Since they are related to the linear absorption coefficient and the
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linear refractive index from Eq. 4.5 one can obtain the Kramers-Kronig relations for linear
optics [21]:

n(ro )-1

=~ P foo
7t

J0

a(Q) dQ
,n2 -(1)2

a(ro) = - 4ro2 p foo n(Q)-1dQ.
7tC

Jo

Q2 -(1)2

(4.6)

(4.7)

These relations are obtained by applying Eq. 4.5 to the complex refractive index
11

= n0 + i aoc
2ro

and applying a relativistic causality principle (which states that no signal

can propagate faster than c) [21].
The mathematical form of these integral relations are kriown as Hilbert Transforms.
The Eqs. 4.6 and 4.7 show that the linear absorption and refraction are not independent of
each other, i.e., knowing the spectrum of one of them one can find the spectral
dependence of the other. Because measuring the linear absorption spectrum is much easier
than measuring the dispersion of the linear refractive index, Eq. 4.6 is more practically
useful than Eq. 4.7. Still, the knowledge of the entire absorption spectrum is essential for
determining the refractive index.
Since the Kramers-Kronig relations require a linearity of the response in the applied
electric field, their applications to the nonlinear optics takes some care and is not possible
in all cases. A linear response can be obtained in the case when we consider the material
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plus the input light as a system. The nonlinear Kramers-Kronig relations apply then to an
additional field which produces a linear response of this new system.
The non-degenerate pump-probe experiment performed in this chapter to determine the
nonlinear absorption spectrum is an example of a system that behaves linearly to the probe
beam. If an excitation beam with frequency ffie and irradiance le interacts with a medium,
the absorption coefficient and refractive index are given by a= a 0 +a NL and

n = n0 + nNL • They depend on Ole and le, but they are independent of the probe irradiance
Ip. Hence, for any input beam the pump-perturbed medium responds linearly to the probe
beam signal and the Kramers-Kronig relations given by Eqs. 4.6 and 4.7 can be applied.
Since the unperturbed system (i.e., with no excitation) obeys the Kramers-Kronig relations
as well, and using the fact that the Hilbert transformations are linear, we can subtract the
unperturbed part to obtain the Kramers-Kronig relations for the nonlinear change in
absorption coefficient and refractive index:

d (
n

.

I ) = .E_ Ploo da(Q;roe,/e) dQ

O)p,O)e, e

1t

O

Q

2

2

-0)

(4.8)

p

(4.9)

It is important that the excitation remains constant during the integration such that the
response of the medium depends only on the probing frequency Q that sweeps the entire
probe spectral range. Actually, since Eqs. 4.8 and 4.9 relate the changes in the absorptive
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and refractive coefficients (due to the nonlinear interaction) and not their absolute values,
the integration has to be made only over the significant spectral range where nonlinear
changes exist. Given the proper material, this reduces the measuring effort significantly
[21].
As in the linear case, it is easier to measure the nonlinear absorption spectrum than the
nonlinear refractive index dispersion, such that Eq. 4.8 presents more practical interest.
For example, we can apply Eq. 4.8 to the measured nonlinear absorption spectra presented
in the previous section. In Fig. 4.17 we present the measured nonlinear change in the
absorption spectrum (solid line) of Zinc Tetra (p-methoxyphenyl) tetrabenzporphyrin (Zn:
TBP) (the difference between the nonlinear and linear absorption spectra shown in Fig.
4.15), as a function of the photon energy ( liro) and the calculated nonlinear change in
refractive index spectrum (dashed line) using Eq. 4.8.
Of course, in Fig 4.17 we· show only the nonlinear index induced by the change in the
nonlinear absorption between 1.5 and 5 eV (corresponding to 830 - 250 nm spectral
region). Other nonlinear changes in absorption (outside this spectral range) will also
induce changes to the nonlinear refractive index. However, we expect the index change
calculated far from these absorption changes, i.e., the central portion of the frequency
range shown in Fig. 4.17 to be changed little.
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Fig. 4.17. The measured change in nonlinear absorption (solid line) and its KramersKronig transform, the change in nonlinear refractive index (dashed line) for Zn:TBP as
function of photon energy.

Although it is more complicated because of the many resonances in the nonlinear
absorption spectrum, the nonlinear refractive index spectrum in Fig. 4.17 shows the
expected behavior given by the Kramers-Kronig relations: the nonlinear index contribution
close to a resonance (see the strong nonlinear resonance in the visible around 2.45 eV,
which is the reason why we are interested in this sample as a visible optical limiter) is
positive if the photon energy has smaller energy (below resonance) and negative if the
photon energy has higher energy ( above resonance) than the peak of the resonance.
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4.6. Time-Delayed Nonlinear Spectrometry

The information about the dispersion of the nonlinear absorption corroborated with
the results obtained in Chapter 3 about the temporal behavior of the nonlinearity gives a
very good idea about which materials should be used for different applications. A better
time resolution can be achieved if the pump-probe experiment is performed with
femtosecond pulses.
The experimental setup needed to perform time-delayed spectrometry is shown in Fig.
4.9. The only difference with the experiments presented in Chapter 3 is that the time delay
between the pump and the probe beams is delayed and for each time delay a normalized
nonlinear spectrum is being recorded. This enables us to determine the dynamics of the
nonlinearities over the whole visible range. A few hundred femtosecond continuum source
give us the resolution necessary to distinguish the short lifetimes of higher excited states,
maybe even intraband relaxation times.
Fig. 4.18 shows the tum-on of the normalized nonlinear spectrum of SiNc under a 425
nm pump. We can see the dispersion of the nonlinear absorption in the visible part of the
spectrum, while the probe beam is delayed from the pump beam.
As expected from Fig. 4.16 (where the probe was delayed 10 ns from the pump) we
can see in Fig. 4.18 that SiNc shows RSA over the entire visible spectrum, with slightly
higher nonlinear absorption around 600 nm than at 500 nm.
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SiNc

T

5
Time Delay (ps)

10

Fig. 4.18 Normalized nonlinear transmittance spectrum of SiNc as a function of time delay
between the pump and probe beams (picosecond time scale).

Fig. 4.19 shows the time evolution of the nonlinear spectrum on the nanosecond time
scale. Within the noise of the data, the decay of the nonlinear absorption (predicted by the
pump-probe data in Chapter 3) can be observed.
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Fig. 4.19 Normalized nonlinear transmittance spectrum of SiNc as function of time delay
between the pump and probe beams (nanosecond time scale).

If SiNc has a good nonlinear response over the whole investigated visible spectral
range, Zn:TMOTBP has a more interesting nonlinear spectral response, as can be seen in
Fig. 4.20 and Fig. 4.21.
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Fig. 4.20 Normalized nonlinear transmittance spectrum of Zn:TMOTBP as function of
time delay between the pump and probe beams (picosecond time scale).

From the nonlinear spectral measurements presented in the previous section we
learned that Zn:TMOTBP has uneven nonlinear response over the visible spectral range,
i.e., has high nonlinear absorption in the green part of the spectrum, but it becomes a
saturable absorber for red wavelengths. This behavior seems to be true for long time
delays, as can be seen from Fig. 4.21. However, a closer look at Fig. 4.20, which shows
the tum-on of the nonlinear visible part of the spectrum, reveals the fact that in the red
part of the spectrum Zn:TMOTBP starts off by being a reverse saturable absorber, but
after a few picoseconds becoming a saturable absorber as shown in Fig. 4.21.
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Fig. 4.21 Normalized nonlinear transmittance spectrum of Zn:TMOTBP as function of
time delay between the pump and probe beams (nanosecond time scale).

The other phthalocyanine molecule that we studied, because of its very promising
limiting behavior at 532 nm (see Chapters 2 and 3), is lead tetrakis(P-cumylphenoxy)
phthalocyanine (PbPc(P-CP) 4), whose molecule structure can be seen in Fig. 4.12. Figures
4.22 and 4.23 show the short and, respectively, long time evolution of the visible nonlinear
absorption spectrum of PbPc(P-CP)4. We can see that the response of this material is very
flat over the visible part of the spectrum, making this molecule a good candidate for
optical limiting.
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Fig. 4.22. Normalized absorption spectrum of PbPc(~-CP) 4 for short time delays,
showing the tum-on of the nonlinearity.

Besides the information about the spectral nonlinear response for these materials,
studying the tum-on times for the nonlinearity from Figs. 4.18, 4.20, and 4.22 we can see
that the nonlinear absorption risetime is longer than the time when the pump and probe
beams are overlapped. This means that the first excited state manifold takes hundreds of
femtoseconds, maybe even picoseconds to relax to its lower state, from which further
excitation can take place.
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Fig. 4.23. Normalized absorption spectrum of PbPc(P-CP) 4 function of time delay.

Attempts to fit the decay to the lowest level in the S 1 manifold with an exact lifetime
from this data were hindered by the very large noise in the data and by the fact that the
temporal resolution of our experiment was not determined precisely (we estimate the
pulse-width of the continuum pulses to be on the order of hundreds of femtoseconds).

4. 7. Conclusion

In this Chapter we have studied the dispersion of the nonlinear absorption over the
visible range in order to more completely characterize the nonlinear properties of the
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materials discussed in the previous chapters. These measurements are an extension of the
single-wavelength (532 nm) measurements performed in Chapters 2 and 3. The exciteprobe experiment uses an ultrashort continuum white-light pulse as the probe beam such
that the information about the nonlinear absorption of the studied material can be
extracted in a single measurement over the whole visible range. The spectral limits in these
experiments are given by the detection apparatus and not by the continuum source. In
order to obtain very short continuum pulses we focus ultrashort, high energy pulses into a
water cell. The source for the 150-200 fs pulses is a Ti:Sapphire oscillator amplified by a
Cr+3:LiSAF based regenerative amplifier.
From the nonlinear absorption spectra obtained with this nonlinear spectrometer we
can infer the spectral regions where the materials have high nonlinear absorption crosssections, i.e., where and if they can be used in an optical limiter. By varying the time-delay
between the pump and the continuum probe, the time evolution of the nonlinear spectra
can be obtained. The data shown in this Chapter gives us information about the lifetimes
involved in the transitions between the excited states and between excited and ground
states. With very stable infrared pulses and using the second continuum pulse as a probe
spectrum, there is the possibility of reducing the noise such that the single wavelength
measurements (as the ones performed in Chapter 3) become obsolete, i.e., one could infer
the lifetimes involved as function of wavelength. The addition of an optical parametric
source giving the possibility of varying the pump frequency would let us make transitions
between different states, and a full characterization of the molecular energy structure
could be performed.
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The experiments performed help us to decide which material can be used as a visible
optical limiter. Since flat limiting response over a broad visible spectrum is desired, Silicon
Naphthalocyanine (SiNc) and especially Lead tetrakis(P-cumylphenoxy) phthalocyanine
(PbPc(P-CP)4) are among the best materials we studied. PbPc(P-CP)4 has slightly better
limiting properties than SiNc. However, one has to be careful in choosing the right
material as other properties are also important such as: lifetime of the nonlinearity,
solubility in different solvents, compatibility with solid hosts (if a solid limiter is desired),
etc. [22]. If one could sacrifice frequency to gain more nolinearity, Zinc Tetra (pmethoxyphenyl) tetrabenzporphyrin (Zn:TMOTBP) becomes a better choice.
Zn:TMOTBP has better limiting properties between 500 and 580 nm, a long lived triplet
state and almost equal contribution to the nonlinear absorption from singlet and triplet
states, making this molecule respond to input pulses from the picosecond to nanosecond
regime.
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CHAPTERS

TWO-BEAM COUPLING IN LIQUIDS VIA
STIMULATED RAYLEIGH-WING SCATTERING

In this Chapter two-beam coupling is demonstrated in CS 2 and other transparent Kerr
liquids by using frequency chirped, picosecond 532-nm-wavelength pulses with several
polarization combinations. As the temporal delay between pulses is varied within the
coherence time, the first pulse always loses energy while the second pulse gains this
energy. The transferred energy at a fixed delay varies linearly with irradiance. The results
are consistent with energy transfer from transient refractive gratings that are due to
stimulated Rayleigh-wing scattering.

5.1. Introduction

Energy can be scattered from one beam to another in a two-crossed-beam experiment
(pump-probe geometry) if a phase shift occurs between the local optical interference
pattern and the grating produced in the material through some irradiance dependent
change in the optical properties of the material. The photorefractive effect is the usual
123

example of such an interaction [ 1]. This, of course, requires mutual spatial and temporal
coherence of the two beams. In pulsed experiments the transient energy transfer that
occurs from absorptive gratings leads to what are commonly referred to as coherent
artifacts [2-5]. These coherent artifacts occur near zero temporal delay between the pulses
(within the temporal coherence time) and transfer energy from the stronger to the weaker
beam. If, however, the real part of the refractive index induces the grating, the phase
grating can lead to coherent energy transfer only if the nonlinearity has a finite relaxation
time so as to allow a phase shift (a finite relaxation time is guaranteed to absorption
gratings) [6-11]. Two-beam coupling in Kerr media such as CS 2 was recently associated
with stimulated Rayleigh-wing scattering (SRWS) [10,11]; however, for coupling to
occur, the beams have to have different frequencies [12,13]. The gain of the Stokes beam
depends on the frequency shift from the laser beam frequency [14]. Nondegenerate twobeam coupling was previously reported by Gruneisen et. al. [15]. For energy transfer to
occur in the degenerate case, the beams must develop a frequency difference during the
interaction. Such a frequency shift can develop during short pulses owing to self and/or
cross-phase modulation [6-9]. A similar beam-coupling effect can occur for cw
interactions for nonlinearities with slow response times. This can be obtained from a
thermal nonlinear response if one of the beams is phase modulated (for example·, by
modulating the path length of an interferometer arm) [ 16].

In the pulsed experiments reported in this Chapter there is only a refractive grating
because the reorientational Kerr effect has a finite relaxation time (e.g., 1.5 ps for CS2),
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and energy is always transferred from the first-arriving pulse to the second-arriving pulse
independent of the relative irradiances. The frequency shift is obtained by the small chirp
present in mode-locked Nd:YAG laser pulses. Thus the phase grating produced at early
times has a phase shift with respect to the optical interference pattern at later times, and
energy transfer occurs. This leads to an energy transfer that is linearly proportional to
irradiance; thus the signal can be observed at irradiances lower than those needed for
nonlinearly induced phase modulation. We first observed the effect in nonlinear absorption
measurements, where we identified the solvent to be the cause of this coherent artifact.
For example, Fig. 5.1 shows pump-probe data for a dilute solution of silicon
naphthalocyanine (SiNc) in toluene, which is known to exhibit strong excited-state
absorption [17]. The two-beam coupling from the solvent is clearly seen superimposed on
the reverse saturable absorption signal from SiNc. The dashed curve represents the
expected absorption signal. The theory used for the fittings in Fig. 5.1 (solid curves) is
described in Chapter 5.2.
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Fig. 5.1. Normalized probe transmittance as a function of time delay of the probe in
toluene (open circles) and in a dilute solution of Silicon Naphthalocyanine (SiNc) (closed
circles) having a linear transmittance of 98.6%. The solid and dashed lines are theoretical
fittings (described in the text).

The measurements presented in this Chapter are performed on CS 2 , but the results are
valid for any Kerr liquid that has a nonlinear index of refraction with a relaxation time on
the order of the laser pulse width (we have obtained this coherent signal in other solvents,
such as toluene and nitrobenzene). We demonstrate that the interaction follows the
polarization dependence of SRWS [12-15]. The only parameters needed for the theoretical
model are the nonlinear index n2 , its relaxation time, and the linear chirp of the laser pulse.
The first two are well known for CS 2 and the laser chirp is independently measured using
first- and second-order autocorrelations.
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5.2. Theory of two-beam coupling via SRWS.

We assume a laser pulse that has a Gaussian temporal distribution with a time-dependent
phase shift and hence a time-dependent frequency shift (i.e., chirp):

E(r, t) = Re{ A(t) exp{i[ k ·r -(ro + L\ro(t)

)t]}},

(5.1)

where

(5.2)

We consider the interaction between two such beams (pump and probe) as derived
from the same source. Assume for now that they have the same linear polarization. The
probe (subscript p) is temporally delayed by a time 't from the excitation (subscript e).
They have the same frequency ro and chirp L\ro(t) but slightly different wave vectors k.
Defining the total electric field as:

E(r, t, 't) = Ae exp[i(,( · r - (ro + L\ro(t) )t)] + AP exp[i( kp · r - (ro + L\ro(t- 't))(t -

the irradiance is given by
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't) )] , (5.3)

(5.4)

With

q = ~( - kP

and Q(t, -c) = Liro(t)- Liro(t - -c) the expression for irradiance

becomes

I = no~Eo {A,A; + APA; + [A,A; exp( iij · r) exp[-i( ro + Llro( t - ,: ))'t] exp(-iilt) + cc.)}.
(5.5)

The grating formed by this interference pattern scatters the beams through a refractiveindex variation. We suppose that the refractive nonlinear response obeys a Debye
relaxation equation:

dnNL
'trot--+ nNL

dt

= nz[,

(5.6)

where 'trot is the rotational lifetime, i.e., the time that it takes for the nonlinear refractive
index to reach its steady state. Solving this equation, the nonlinear refractive index is given
by

nNL

(t)

=.!!:1_

r

l(t') exp[ (t'-t) I 'C rot ]dt'.

'C rot -
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(5.8)

Assuming that the relaxation lifetime is smaller than the pulse width, we can make the
approximation that A(t) and il(t) vary more slowly than exp[(t'-t) / t,01 ] , so the slowly
varying amplitude and phase approximation can be used. This approximation holds very
well for CS 2 for the 17-ps half-width at 1/e maximum in irradiance (HWl/eM) pulse width
used, since the rotational lifetime is 1-2 ps. For other materials such as nitrobenzene ('trot>
40 ps) or for smaller pulse widths the integrals must be performed numerically.
From here on we will assume that the pulses are linearly chirped. Mathematically, this
is expressed by the following:

(5.8)

where C is the linear chirp coefficient. It's easy to show from this definition that
~co ( t)

= C~

such that the frequency difference between the two beams becomes time

't p

invariant:

(5.9)

With this the nonlinear refractive index becomes:
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n NL

_n0 n2c£ 0
2

[(I Ae l2 +IAP 12) + AeA/exp[i(q·r-20t)]exp[-i(ro-n}t]
]
.
.
+ cc. .
l- i2Q't rot

(5.10)

The total electric field must satisfy the wave equation:

(5.11)

where

(5.12)

Also, because the angle between the beams is small (

=3°) and because the length of

the sample is much smaller than the Rayleigh range, the beams can be considered as
copropagating and V2 ::::d2/dz 2 • Putting Eq. 5.3 for the total electric field into the wave
equation, the terms that oscillate as exp(i(,~P · r -rot)] (the probe beam) are given by

(5.13)
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We ignore derivatives of the amplitude and phase applying the slowly varying
amplitude and phase approximation [e.g., dQ/dt<<ll('tp'trot)D to reduce Eq. 5.13 to:

(5.14)

If we take the derivative of Eq. 5.4, we obtain for the probe-beam irradiance Ip:

d/P = n 0 cE 0 (A * dAP + A dA/ )·
dz
2
P dz
Pdz

(5.15)

With Eq. 5.14 in Eq. 5.15 and using Eq. 5.4, we obtain the equation for the probebeam gain:

(5.16)

where
(5.17)
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The weighting coefficient a was introduced in Eq. 5 .16 for the more general case
when the two beams have different polarization, and it is equal to 1 when the beams have
the same parallel polarization (14]. The gain g of the SRWS process can be either positive
or negative depending on the time delay

't

between the pulses. Hence the earlier pulse

(with a negative delay) encounters loss, whereas the later pulse (with a positive delay)
experiences gain in the interaction. The energy transfer can be understood from Fig. 5 .2.

:.-.:
WP

Sample

WP
Fig. 5.2. Excite-probe setup. Detector D measures the probe beam transmittance. Both
beams are linearly chirped, band r represent the blue and red shift, respectively. For the
positive chirp of our pulses, the high frequency part of the earlier pulse spectrum earlier
interacts with the lower frequency part of the later pulse. The wave plates (WP) allow
different polarization combinations to be used.

For a negative time delay

't

(probe before the pump), because of the linear chirp, the

probe beam has a higher frequency than the pump beam does, such that the first beam
loses the energy that the second one gains. If the chirp were reversed, the energy transfer
would also be reversed.
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The signal measured in the delayed pump-probe experiment is given by the normalized
total energy of the probe beam after the interaction with the excitation beam:

f f
27t Jdt f rdr]pO
21t dt rdr/P

Signal('t)

EP our
= -·
- = __
E

o

-oo_ _ _ __

p ,in

oo

oo

-00

0

,

(5.18)

where Ipo is the probe irradiance in the absence of the excitation pulse.
For a Gaussian input pulse we obtain from Eqs. 5.16-18 (ignoring pump depletion)

where tm

=1t/ ! ( C'tr

01 ),

x = t I 'tP, y =.fir I wP 0 , and rpe = Wpo/Weo, the ratio between the

probe and excitation beam waists. The SRWS signal depends on the nonlinear phase shift
Ll<I> 0

= kn 2 Ie<r=O,r=o>L, where Lis the sample length (smaller than the Rayleigh range).

In all the figures we have used numerical codes in generating the theoretical curves so
as to avoid approximations. However, for understanding the shape of the SRWS signal it
is useful to make some approximations to obtain a simple form for the signal. For a small
signal we can obtain a first-order approximation of the integral form of Eq. 5.17 that
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governs the gain. With this approximation the probe irradiance after the interaction
becomes

/ p

= / pO[l + <Xll<I> 0

4Q't rot 2 ]
1+ (2Q't rot)

where I,o(t, 't) = [po exp[-((t- 't) I 'ts] exp[-2(r /

,

(5.20)

w,S] is the input probe irradiance,

delayed from the excitation by 't. Integrating Eq. 5.20 in time and space we obtain the
signal

(5.21)

This expression for the SRWS signal shows that its shape is that of a derivative of a
Lorentzian [2x/(l +x 2)] weighted by a Gaussian {exp[-(xla)2]}. The small-signal
approximation works very well for our experimental data for CS 2 • It is easy also to obtain
Eq. 5.21 directly from Eq. 5.19 within the stated approximation, i.e,. by expanding the
exponential function of time delay. For pulses much shorter than tm (which is our
assumption so far), the signal peaks at a time equal to the pulsewidth 'tp. This is easy to
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show by taking the derivative of Eq. 5.21 to obtain the time delays for which the signal has
maximum and minimum. Hence, because 'trot<< 'tp implies tm >> 'tp, we obtain:

't ptm

IT

"max,min

-+----;::::===-...1..,,.
=
~'t 2 + t 2 =
p,
...!..l.

p

(5.22)

m

5.3. Two-beam coupling experiment.

The source for the delayed pump-probe experiment is the second harmonic of a
Nd: Y AG Q-switched mode-locked laser with a pulse width of 17 ps (HW 1/eM) at 532
nm. The laser repetition rate is 10 Hz. The experimental setup is given in Fig. 5.2. The
energy of the beams is adjusted by rotating a half-wave plate situated before a polarizer.
The second harmonic (532 nm) is then split into the pump and probe beams. The pump
beam is then focused by a 100-cm focal-length lens onto the sample so that the waist of
the beam in the sample is 100 µm (HW1/e 2M). The probe beam is delayed by a system of
two comer cubes and a mirror, with one of the comer cubes on a stage. The probe beam
is focused to 20 µm (HW1/e 2M) by a 20-cm focal-length lens such that rpe = 1/4. Both
beams are focused onto the 1-mm-thick sample. The angle between the beams is 3°. The
excitation beam has 10 times the probe irradiance (160 times the energy); thus the probe
beam does not induce any significant nonlinearity. Using appropriate wave plates (WP's),
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we can perform the experiments with several polarization combinations for the pump and
probe beams.

The signal showing the coherent two-beam coupling can be seen, for example, in Fig.
5.3. To study this signal, we performed experiments on CS 2 .To check that the energy
transfer is due to SRWS, we had to prove that the magnitude of our signal follows the
polarization dependence of any SRWS signal.
The scattering process in an isotropic medium follows the ratios 4:3:6: 1 for scattering
with parallel (or perpendicular) linear polarization inputs and with opposite (or same)
circular polarization inputs, respectively (see Table 5.1) [12, 13,20,21]. We performed
pump-probe measurements using these polarization combinations for the excitation and
probe beams.
The theoretical curves (solid curves in figures) were generated with the polarization
coefficient a introduced in Eq. 5.16. A comparison between the measured and predicted
polarization dependence is illustrated Table 5 .1.
We used the polarization coefficient for the linear but perpendicular polarized
measurement (i.e., a= 0.75) as the reference in scaling the other coefficients, since this
measurement had the best signal~to-noise ratio.
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Fig. 5.3. SRWS signal dependence on polarization: (a) parallel linear, (b) perpendicular
linear, (c) opposite circular, and (d) same circular polarization. Experimental conditions:
110 = 1. 9 GW/cm2 ,

'tp

= 17 ps. The circles are experimental data, solid lines represent

theoretical fittings assuming a linear chirp, C = 0.75.
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Table 5.1

Relative Signal for Different Polarization Combinations.

Polarization

a

a

(Experiment)

(Theory)

Parallel Linear

1.08

1.00

Perpendicular Linear

0.75

0.75

Opposite Circular

1.40

1.50

Same Circular

0.27

0.25

A strong argument that the frequency difference needed (Q -:t- 0) for the SRWS is due
to linear chirp and not due to other nonlinear processes is shown by the data of Fig. 5.4.
Figure 5.4 is a plot of the magnitude of the SRWS signal, ~Tpv, (the difference between
the peak and the valley of the signal) as a function of the excitation irradiance. We can see
that the signal is linear in irradiance up to 4 GW/cm2 (which corresponds to a nonlinear
phase shift ~<l>o = 1.2). The theoretical line from Fig. 5.4 is generated by the following
formula, obtained from Eqs. 5.21 and 5.22 with 'tmax,min

='tp :

(5.23)
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Because the signal measured has a linear and not higher-order dependence on the
excitation irradiance and because in Eqs. 5.19-21 the nonlinear phase shift d<l>0 has a linear
dependence on irradiance, we know that the frequency difference between the beams n
has to be independent of irradiance. For any nonlinearly obtained chirp, il would be
irradiance dependent, and the signal would have a higher-order irradiance dependence. As
expected, at higher irradiances (e.g., lea> 4 GW/cm2) the nonlinear processes of self- and
cross-phase modulation further chirp the pulses, altering this linear dependence.
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Fig. 5.4. Magnitude of the SRWS signal (difference between peak and valley) as function
of excitation irradiance (circles). Theoretical line is generated using Eq. 5.23 with the
same value for linear chirp used in fitting the data from Fig. 5.3.
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Another linearity test for the SRWS signal is presented in Fig. 5.5. As predicted at the
end of Chapter 5.3, the minima and maxima of the signals appear at ±tp time delay (pulse
width). In Fig. 5.5 it is shown that both the minima and maxima of the SRWS vary linearly
with the input pump irradiance, within the experimental errors.
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Fig. 5.5. Minima (squares) and maxima (triangles) of the SRWS signal as function of
pump irradiance.

The measured and accepted value for the nonlinear refractive index of CS 2 is n2 =
3. lxl0- 14 cm2/W (Ref. [22]). In calculating the phase shift we consider that 70% of the
measured n 2 is rotational and is contributing to this effect [23]. There are several reports
of measured rotational lifetime for CS 2, ranging from 1 to 2 ps [7, 8, 11, 20, 23-26].
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X

X

Fig. 5.6. The interference pattern given by first order autocorrelation for (from top to
bottom) -120-, -46.6-, 0-, 46.6- and 120-ps time delay at 1.06 µm.
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Taking the an average value 'trot = 1.5 ps, the only fitting parameter needed is the
linear-chirp coefficient, C. For all the curves generated in Fig. 5.3 we used C = 0.75. To
independently measure the linear chirp of the pulses, we performe first- and second-order
autocorrelations on the input beam.
The second-order autocorrelation is an usual Michelson interferometer that, by using
second-harmonic generation, gives us the pulse width 'tp = 17 ps (HWl/eM). Using the
same setup, but without the second-harmonic crystal, one can determine the coherence
time of the pulse by measuring the first-order autocorrelation.
The first order autocorrelation (the correlation of the electric field with itself) can be
obtained by measuring the fringe visibility. In Fig. 5.6 we can see how the interference
pattern changes with time delay at 1.06 µm.
By plotting the contrast of the pattern (i.e., minima and maxima) as a function of time
delay we obtain the envelope of the first-order autocorrelation function (Fig. 5.7). For a
Gaussian pulse, the width of this is a factor of 2 larger than the coherence time. This gives
a coherence time of 19.4 ps (HWl/eM) at 1.06 µm, which infers a coherence time of 13.7
ps (HWl/eM) at 532 nm. This is less than the 17 ps (HWl/eM) pulse width, indicating
chirp. Assuming a linear chirp [19],

't p

= 't .J1 + c2 •
C

(5.24)

This method gives us the chirp coefficient C = 0.73, very close to the one used for
generating the theoretical fits of the SRWS signal.
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Fig. 5.7. Maxima (filled circles) and minima (open circles) of the interference pattern from
Fig. 5.6 as function of time delay. Solid line is a Gaussian fit giving the coherence time of
the pulses,

'tcoh

= 13.7 ps (HWl/eM) at 532 nm.

To further test the signal dependence on the linear chirp, we changed the laser pulse
width from 17 ps to 25 ps (HWl/eM) by replacing the etalon that is the output coupler of
the laser cavity. By doing so, we decreased the chirp of the pulses. Indeed, the chirp
coefficient used to fit the data from Fig. 5.7 changes from 0.85 to 0.6 for the longer pulse
(see Fig. 5.8). Note that this particular measurement was performed six months after the
rest of the measurements. Hence, the use of a different mode-locking dye and lasing
threshold in the laser cavity could explain the different chirp coefficient needed to fit the
data (0.85 instead of 0.75 as before). The signals are obtained for the same input
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2

irradiance, lea= 1.9 GW/cm • It can be noted that the signal peaks at approximately the
predicted values, i.e., the pulse-widths: ±17 ps and ±25 ps.
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Fig. 5.8. SRWS signal for different laser pulsewidths: 17 ps (open circles) and 25 ps (filled
circles). The values for the linear chirp coefficient used in fitting the data are C = 0.85 for
the 17 ps pulse and C = 0.6 for the 25 ps pulse.
Although the theoretical curves simulate the data very well, there is a small
discrepancy, which is that the signal does not peak exactly where the theory predicts. As
discussed before, in the case in which the pulse width 'tp (in our case, 17 ps) is much
smaller than tm (in our case,= 175 ps), the peaks should be at ±'tp, Our data always peaks
around ±13 ps.
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This fact can be easily explained if we consider a more realistic case for the laser pulse
chirp. If the chirp is obtained in the laser cavity by nonlinear processes, it will follow the
temporal shape of the pulse.
So, if we alter the chirp by considering the linear chirp weighted by a temporal
Gaussian (Fig. 5.9a), we can see that the curve shrinks in time so that we get a better fit to
the data (Fig. 5.9b). The equations used before are no longer valid and numerical routines
have to be used in order to generate the curves. However, all the physical considerations
about the linearity in irradiance and polarization dependence remain valid.

5.4. Conclusion.

It is often assumed that purely refractive gratings will not lead to energy transfer in
pulsed degenerate pump-probe experiments because of the lack of a phase-shifting
mechanism such as exists in photorefractive media by means of the electro-optic effect.
We have demonstrated coherent energy transfer using refractive gratings for identical
pulses in the degenerate case but with weakly chirped pulses and at irradiances low
enough that self-phase modulation and cross-phase modulation can be neglected with 532
nm, picosecond pulses. The two beam coupling takes place in Kerr-type media with a slow
nonlinear refractive index. The material remembers the grating written during the first part
of the pump-probe interaction, which then scatters different frequencies at later times into
the pump or probe directions, depending on which pulse is first. The phase shifting
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mechanism here is simply due to the different frequencies present at different times in the
pulses, i.e., chirp. The memory effect is due to SRWS, and the polarization dependence of
the interaction is in agreement with theoretical predictions. In the case of CS 2 for a usual
pump-probe experiment a simple formula can be used successfully to fit this coherent
effect, which depends on the product of the nonlinear refractive index n2, the rotation
relaxation time 'trot, and the linear chirp coefficient C. Know ledge of any two of these
parameters allows calculation of the third. The linear chirp is independently measured
with first- and second-order autocorrelations, and the linear chirp found this way is the
same within experimental error as that calculated from the known n2 and 'tr. Knowing the
linear chirp of the laser pulses, the SRWS signal obtained with a particular material gives
information about the response time of the nonlinearity. For example, using appropriate
pulse widths, one can distinguish between the molecular or reorientational (slow), nuclear
(faster) and bound electronic (fastest) nonlinear refractive index. This aspect will be
discussed in the next Chapter.

As with coherent artifacts from absorptive gratings, these refractive coherent artifacts
must be subtracted from data to extract the dynamics of other nonlinearities. As seen in
Fig 5 .1, the solid curve fittings for the corrupted data contain the SRWS signal, while the
dashed curve shows the dynamics of the production of the excited-state absorbers alone.
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CHAPTER6

ULTRAFAST PURELY REFRACTIVE ENERGY TRANSFER
OF CHIRPED PULSES IN DIELECTRIC MEDIA

The energy transfer via two-beam coupling of chirped pulses in a medium exhibiting
stimulated Rayleigh-wing scattering, which is treated in Chapter 5 for CS 2 , can be
generalized to any kind of medium that has a non-instantaneous nonlinearity. Using
appropriate pulse widths, one could even distinguish between different mechanisms that
lead to nonlinear refraction. In this Chapter, after a short introduction we will present a
general theory for two-beam coupling of chirped pulses in media with a non-instantaneous
nonlinear refractive index. In the particular case of linearly chirped pulses we show that
experiments using 100 fs pulses in dielectric media can be sensitive to sub-femtosecond
response times for the nonlinear refractive index, which is the time scale for electronic n2 •
After describing the experimental setup that enables us to measure very small changes in
transmittance (:::: 1o-5), we present two-beam coupling results in several media. In searching
for bound electronic contributions, we present competing signals such as three-photon
absorption and stimulated Raman scattering, and we conclude with considerations on the
meaning of the measured signals.
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6.1. Introduction

In Chapter 4 we have discussed the production of short pulses with duration around
100 fs. Today there are commercially available sources able to give pulses as short 50 fs.
Meanwhile intensive research to produce shorter pulses is ongoing. For the last 10 years
the record remained at 6 fs [1], however, very recently 4.5 fs pulses were obtained. It gets
harder and harder to obtain shorter pulses simply because the bandwidth necessary to
obtain the pulse becomes a good fraction of the central frequency, such that a fundamental
limit is being approached. This limits the temporal resolution in most optical experiments.
Ultrafast measurements of physical phenomena usually depend on the pump-probe type of
experiments, for which the temporal resolution is limited by the autocorrelation width of
the pulses [2]. This limit would restrict experimental science to a resolution on the order
of 10 fs. For most commercial laser systems, the limit increases to 50 - 100 fs.

In Chapter 5 we have demonstrated an experiment sensitive to a response time of the
investigated material (1.5 ps for CS 2) smaller than the pulse width (17 ps HWl/eM) [3].
This method of studying the response time of the nonlinear refractive index gives a
temporal resolution limited only_by the signal to noise ratio of the experiment, i.e., how
small a change in the linear transmittance of the sample can we measure. This is possible
because, unlike usual excite-probe measurements, this method transforms a response time
directly into an amplitude modulation of the beam. It seems natural to seek, by using short
pulses (i.e., 100 fs), the measurement of ultrafast response times. The characteristic time
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response of bound electronic nonlinearity falls into this category, its time response being
estimated to be on the sub-femtosecond time scale [4]. Although the temporal response is
not completely understood, the fact is that the bound electronic nonlinear refractive index
is not an instantaneous effect (i.e., R<3)(t);tO(t)). This is because there is dispersion in the
nonlinear refractive index (i.e., n2 = n2(co)). Still, the time scale for the response of boundelectronic nonlinearities has never been the subject of direct, quantitative study. They are
very often quoted as being simply "fast" or even "instantaneous", but direct measurement
of these times has not been attempted. This is because of the very short time scales
involved [5]. It has been suggested that these time scales may be estimated from the
detuning from resonance [6-8], i.e., l~-2cd- 1 when two-photon states dominate or l~-cd- 1
when one-photon states dominate [9]. Except for very close to resonance, which is not
possible to achieve in solids, the response times would therefore be on a sub-femtosecond
time scale for large-gap semiconductors and dielectrics.
An alternative approach to estimating this time scale is from the inverse width of the

absorption band which dominates the transitions associated with the nonlinear process.
This model would yield similar time scales in solids, but would exhibit different resonance
properties. Whatever the justification for the non-instantaneous response, our goal is to be
able to quantitatively extract the.response time from experiments using pulses much
longer than the response time itself.

As we will see later in this chapter, if atomic vibrational modes are excited in the
studied material, stimulated Raman gain is measured instead of the electronic response
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times. In this case, the chirped two-beam coupling becomes a method of measuring the
dispersion of the low frequency Raman gain. This may have been the case in the materials
studied so that we have not yet measured the ultrafast response time of bound electronic
nonlinearity.

6.2. Theory of two-beam coupling

6.2.1. General treatment

Here we will take a more general approach to the two-beam coupling process than in
the previous chapter in order to allow for any shape for the amplitude and phase of the
electric field. Hence, we consider a very general input electric field:

E(r,t)

= Aof (t)e;(f.,-wr)e;cp<n +c.c.,

(6.1)

where Ao is the amplitude of the electric field, containing the information about the spatial
distribution. The temporal distribution of the electric field amplitude and chirp are given by
the real functions f(t) and cp(t). The irradiance becomes:
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l("i',t)

= no;Eo IE("i',t)l2 = no~o A/f(t)2.

(6.2)

In a pump-probe experiment, assume probe pulse (subscript p) is delayed with tctei from
the excitation pulse (subscript e). The total field becomes:

E (- t)
t

r'

=A

eO

f(t) ;[f.-,-rot-q,(t)]
e

+

A f ( pO

t

)

tdel e

;[f,,-,-ro(t-tde1)-q,(t-tde1>]

+ C. C.'

(6.3)

giving the following expression for the irradiance:

(6.4)

The grating formed by this interference pattern scatters the beams through a refractiveindex variation. Since the nonlinear refractive index is not instantaneous, we use a Debye
relaxation equation to describe its time evolution:

.

dnNL

't ,--+nNL

dt
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=n2I,

(6.5)

where 'tr is the response time of the nonlinear refractive index. We will discuss later the
limits on using this type of equation to describe the time evolution of the nonlinear
refractive index. Solving Eq. 6.5, the nonlinear refractive index is given by

nNL (r' t' tdel) =!!1.
't

r

f'

I, (r' t' 'tdel) exp[ (t'-t) I 'tr ]dt'.

(6.6)

-00

With Eq. 6.4 in Eq. 6.6, the nonlinear refractive index becomes:

- n2 noCEo [ Aeo2O(t)+ A p0 20( t-tdel ) + (Ae0 A p0*e iq·ru +c.c.)] '
nNL(r,t,tdel)-~-2-

(6.7)

r

where

r

O(t)

= Jf

t'-t

(6.8)

(t')2e 7; dt',

and
t

t'-t

U(t) =ff (t')f (t'-tde1)e-i[q,U'>-q,<1'-t"e,>1e-;;dt'.

Using the approximation n 2 = (n 0 + nNL)2

(6.9)

=n/ + 2n nNL' the wave equation for the

total electric field can be written as:
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0

(6.10)

Here we considered that the angle between the pump and probe beams is small enough
and that the beams are spatially overlapped in a collinear fashion, such that V2 :::d2/dz 2 •
Let's look what happens with the pump beam during the interaction. This means that
;[f -r-ro(t-t1e,>]

we are interested in the terms that oscillate as e

p

'

:

(6.11)

We can rearrange this equation to obtain:

(6.12)

where Ep is the probe beam electric field, given by:
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E

p

= A pO f (t- tde/ )/[kp·r-iro(r-rtk1)]e-iip(t-tt1e1) ·

(6.13)

Because all the terms but Ep from the right hand side of the Eq. 6.12 vary much slower
than the field Ep, we can apply the slowly varying amplitude and phase (SVEA)
approximation to Eq. 6.12, to obtain:

dEP =inon2Eo(J){A 20(t)+A 20(t-t )+A 2
f(t) u*e-i[ip(t)-<p(t-t,,ei)]}E
(614)
d
't
eO
pO
de[
eO f (t _ t )
p·
·
2
Z
r
~

Using Eq. 6.2. and its derivative for the probe beam,

J

dip_n0 ee
dEP
dE/
-0 ( E * -+E
. dz
2
P dz
P dz '

(6.15)

we obtain from Eq. 6.14 the equation for the probe beam irradiance:

di P = l.an2ro I e I p

dz

C

f

1
1 {u *e-i[ ip<r >-ip<r-r,1e, >J _ c.c .} .
(t) f (t - tdef) 't r

(6.16)

We have introduced a polarization coefficient a for the interference term at this time,
since the memory effect of the interference pattern has different contributions for different
polarization combinations (a= 1 for parallel polarized beams). We can rewrite this as:
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(6.17)

where g(t,tcte1) is the gain of the probe beam in the two-beam coupling process, given by:

g(t' t<k,) = i
't r

1
{ U •e-1[~<1>-~<1-1,,.1 >l _ c.
f ( t) f (t - tdel )

c.}.

(6.18)

Using Eq. 6.9 for U, we have:

t

t'-t

u *e-i[cp(t)-cp(t-tdel>] = ff (t')f (t'-tdel)/[cp(t')-cp(t'-tdel>le-i[cp(t)-cp(t-tdd)]e ~ dt''

(6.19)

which gives the following expression for the two-beam coupling gain:

g(t,tdel)

=

-2
'tr

t

t'-t

1
- - - - f f(t')f(t'-tdel)e -r, sin[cp(t')-cp(t)-cp(t'-tdel)+cp(t-tdel)}tt'
f (t)f (t- tdel)
-oo

(6.20)

Making the substitution x=(t' -t)/'tr we obtain the following for the gain:
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00

.Je

-x

f (t - 't ,x) f (t - 't ,x -

t de/) sin[cp (t) - cp (t - tde/) ~ cp (t -'t ,x) + cp (t -'t ,x - tde/) }ix

0

(6.21)

In order to obtain the expression for the energy transfer we have to integrate Eq. 6.17
in rand t. Let's consider R(r) to be the function that represents the spatial profile of the
electric field. In this case, the irradiances become:

le(r,t)

= le

/P(r,t,tdei)

2

0

f (t) Re(r)

= IP 0 f

(6.22)

(t-tdel)2 R/r).

We define as signal the normalized change in the transmittance of the sample, i.e., the
relative change in the energy of the probe beam as a function of the time delay from the
pump pulse. For very small gain coefficient g (and, hence, very small signal), the following
is a very good approximation for the solution of Eq. 6.17:

MP ( r, t, t dei)

= IP ( r, t, tdel )an2 kle(r, t) g ( t, tdei) L ,

(6.23)

where L is the interaction length. Integrating this in time and space we obtain the signal:
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(6.24)

where ficf) 0 = n2leokL is the on-axis phase shift induced by the pump beam.
Introducing the spatial correction coefficient R and the characteristic time T as a
normalizing factor given by:

I Rp(r)ReCr)d r
3

R=..;_'----JRP(r)d 3r

(6.25)

i'
00

00

I

T = f (t - tdel ) dt
2

= I f (t) 2 dt

the two-beam coupling signal becomes:

Roo

S(tdel)

= 2aficf)o -

fe-x ff (t)f (t - tdel )f (t-'t ,x)f (t-'t ,x- tdel) sin[0(t, tdel, x) ]dtdx,

T o

00

--00

(6.26)

where

0(t, tdei'x)

=cp(t)-cp(t- tdel )-cp(t -'t ,x) +cp(t-'t ,x- tdel) .
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(6.27)

As we can see from Eqs. 6.26 and 6.27, the signal depends on the phase shift induced
by the pump via the nonlinear refractive index of the material and the response time of the
nonlinear refractive index.

6.2.2. Linear chirp

The calculation done so far is a general treatment of the refractive two-beam coupling
assuming any shape for the amplitude and phase of the pulses. We can obtain a simpler
expression for particular cases. Let's consider the case of linearly chirped pulses, where
the frequency shift of the pulse is linearly proportional to the time:

cp(t)

= Lico(t)t = Pt 2 •

(6.28)

In this case, Eq. 6.27 becomes:

ect, tdel ,x) = P[ Ct) 2 -

(t- tdel )

2

-

(t-'t ,x)

2

+ (t -'t ,x -

tdel )

2
]

=2p't ,xtdel ,·

(6.29)

and the two-beam coupling signal for linearly chirped, arbitrarily shaped pulses is given by:

R
S(tdel) = 2aLl<l>o T e-x sin(2P't ,xtdel) f (t)f (t- tdel )f (t-'t ,x)f (t-'t ,x- tdel )dtdx.

f
00

0

00

J

-00

(6.30)
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This expression shows that we can obtain energy transfer between the pump and probe
beams only if the pulses are chirped (i.e., ~:;tO) and for a non-instantaneous nonlinear
refractive index (i.e., 'tr>O). Also we expect the signal to cancel when the pulses are
overlapped in time (i.e., tde1=0), since there is no frequency difference between the pulses
at that time.

6.2.3. Linearly chirped, Gaussian pulses.

We will treat here the particular case of linearly chirped Gaussian pulses which are
easy to produce experimentally. The goal is to study the response time of the nonlinear
refractive index that appears in the expression for the two-beam coupling signal. The
electric field in this case is given by:

2

E(P,t) = E0e

- (-r )

w,

e

--I -t

2
•

z(,) (t+1C) ,

(6.31)

where 'tis the half-width at 1/e of the maximum (HWl/eM) of the temporal profile, wo is
the half-width at 1/e of the maximum (HW1/e2M) of the spatial profile of the irradiance
(i.e., pulse width and beam waist), and C is the linear chirp coefficient.
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From this we can easily obtain the particular values taken by the previously defined
functions and parameters:

f (t)

=e

1(

2

2

2

't

C

-(_!___)

t)
,

R(r)=e

Wu

,

p=~,

(w1

T=-lit't, R=

1+

J2,

(6.32)

_f!!!._
Weo

such that the signal becomes:

We can normalize all the times to the pulse width by introducing the integration
variable y=t/'t, the normalized delay del=tctei/'t, and the normalized response time r='t/'t.
With these substitutions, the time integral from Eq. 6.33 becomes:
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(6.34)

With this expression in Eq.6.33 we obtain the two-beam coupling signal for linearly
chirped Gaussian beams as a function of the normalized time delay del:
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deli

f
00

,2 x2

2 -x sin(2Crdel.x~.
S(del) = ..J2aRfl.cf) 0 e-- e-2

(6.35)

0

Although the phase shift fl.cpo (given by the nonlinear refractive index, peak irradiance
and sample length), the polarization constant a, and the spatial profile factor R influence
the magnitude of the signal, we can see from this expression that the shape of the signal is
given only by the linear chirp coefficient C and the normalized response timer of the
nonlinear index.

6.2.4. Short versus long response times

The expression from Eq. 6.35 can be used, using appropriate pulse widths and chirp
coefficients, to distinguish between the different contributions to the nonlinear refractive
index.
The signal predicted by Eq. 6.35 is antisymmetric and it cancels when the time delay is
either zero (because of the sine function) or long compared to the pulse width (because of
the weighting exponential). It is useful to see what is the shape of the signal in two
extreme cases where we can make some approximations to Eq. 6.35, i.e. when the
response time is either much smaller or much longer than the pulse width.

163

a) Response time much shorter than the pulse width (i.e., r<<l). By studying numerically
the behavior of Eq. 6.35 we found that for products rxC < 0.02 we can make the
following approximations with a total error of less than 1% :

de/ 2

S(del)

de/ 2

00

=.fi.aRlicf> e-- Je-x2Crdelxdx = 2.fi.aRlicf> rdelCe-2

2

0

0

•

(6.36)

0

This is the case treated in detail in Chapter 5, were the response time (1.5 ps) of the
nonlinear refractive index of CS 2 was smaller than the 17 ps pulse width (HWl/eM) of the
Nd:YAG laser. In fact, if we define the magnitude of the signal li~v = S(l)-S(-1) (at the
end of this section we show that in this case the signal reaches its peaks at del = ±1), we
obtain from Eq. 6.36:

I

liTpv

= 4JiaRlicf> 0 rCe - 2 ,

(6.37)

which is exactly the same expression given in Eq. 5 .23 in Chapter 5 which describes the
two-beam coupling via stimulated Rayleigh-wing scattering (SRWS). Furthermore, we can
obtain a better approximation if we consider in Eq. 6.35 that r is small enough that
r2x2

=e -x . With this approximation and using Jof e-x sin( ax )dx =~
, Eq. 6.35
l+a
00

e --2--x

becomes:
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del 2
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.

(6.38)

It comes at no surprise that Eq. 6.38 is exactly the same expression as Eq. 5.21 which
describes the SRWS signal, because the SRWS theory presented in Chapter 5 is a
particular case of the more general two-beam coupling theory presented here.

b) Response times much longer than the pulse width (i.e., r>>l). In this case, for r > 100
we can make the following approximation:
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(6.39)

o

Although they look very different, Eqs. 6.36 and 6.39 predict signals similar in shape.
In Fig. 6.1 we used these equations to show the signal for a linear chirp coefficient C= 1 in
the cases r=0.005 and r=lO0.
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Fig. 6.1. Two-beam coupling signal calculated with linear chirp coefficient C = 1 for fast
(dashed line) and slow (solid line) nonlinear refractive index (compared to the pulse width
't

(HWl/eM).

We can see that both the very short response times limit (dashed line, given by Eq.
6.36) and the very long response time limit (solid line, given by Eq. 6.39) show similar
behavior by varying the time delay.
However, if one looks at how these curves change at different linear chirp parameters
C, the short response time can be easily distinguished from the long response time case.
This becomes clear if we look at what time delays the signals predicted by Eqs. 6.36 and
6.39 have their peaks (i.e., minima and maxima).
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If we take the derivative of Eq. 6.36 with respect to the normalized delay del, we find
that the peaks of the signal in this case (null derivative) at del = ±1, which correspond to
time delays equal to ±t, i.e., the pulse width (HWl/eM).
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Fig. 6.2. Time delay divided by the pulse width for the two-beam coupling signal function
of the linear chirp coefficient C.

If, however, we take the derivative of Eq. 6.39 with respect to del, we obtain a
transcendental equation that can be solved numerically for different values of the linear
chirp coefficient, C. Fig. 6.2 shows the normalized time delay at the peak of the signal as
function of the linear chirp coefficient, C. We can clearly see that, if in the case of
response times much faster than the pulse width (dashed line) the signals peaks always at a
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time delay equal to the pulse width (HWl/eM), in the case of nonlinearities much slower
than the pulse width (solid line), the signal peaks at decreasingly shorter time delays.
Besides the shift in the peak of the signal, there is also a different magnitude dependence
for the two different time regimes for the response time.
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Fig. 6.3. Two-beam coupling signal calculated with linear chirp coefficient C = 3 for fast
(dashed line) and slow (solid line) nonlinear refractive index (compared to the pulse width
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(HWl/eM).

To illustrate how the slow and fast response times (relative to the pulse width) show
distinct signal dependences on linear chirp, we plot in Fig. 6.3 the predicted signals for the
same parameters as in Fig. 6.1, but the linear chirp coefficient, which is C = 3 in this case.
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Comparing Figs. 6.1 and 6.3, we can see that by changing the linear chirp of the pulses
from C = 1 to C =3, a two-beam coupling signal due to a fast nonlinearity compared to
the pulse width 't increases three-fold by keeping its peaks at ±t, while a signal due to a
nonlinear refractive index slower than the pulse width remains at practically the same
magnitude, but shifting its peaks towards smaller time delays. Here we define the
magnitude of the signal to be the difference between the maximum and minimum value of
the signal. By studying both the magnitude and the time delay for the peaks of the signals
obtained in materials with more than one process responsible for the nonlinear refractive
index (which is the case for most materials), we can distinguish between short and long
response times compared with the pulse width.

6.3. Very Low Noise Experimental Setup

As discussed in Chapter 6.1, the temporal resolution of our experiments is not limited
by the 100 fs pulse width of our laser pulse. However, a quick calculation shows that for
very rapid response times (on the sub-femtosecond time scale), the relative change in the
transmittance of a sample is ve_ry small, on the order of 10-6 - 10-5 • In order to be able to
measure such small changes in transmittance we used dual-frequency modulation and
phase-sensitive detection. The laser source is the same Ti:Sapphire oscillator described in
Chapter 4. The difference is, however, that this time the Ti:Sapphire crystal is pumped by
a 5W beam at 532 nm from a Millennia, a solid state, diode pumped cw laser made by
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Spectra Physics. The noise characteristics of this pump laser are a lot better than the usual
Ar Ion laser. The spatial stability and very low power fluctuations make this laser a very
good pump source for the Ti:Sapphire cavity. This way we obtain pulses ranging from 70
fs to 180 fs (FWHM) at wavelengths between 820 and 860 nm. The medium power is
around 0.5 W, which corresponds to about 5-6 nJ/pulse with pulses at a frequency of 90
MHz.

'A/2

HFLA

roe ---.

Ti:Sapphire

output signal
Fig. 6.4. Experimental setup for low noise pump-probe measurements. H(L)FLA:-High
(Low) Frequency Lock-in Amplifier.

The delay of the probe beam is controlled by a corner cube situated on a stage with
very accurate micrometer. A Stanford Research mechanical chopper is used to modulate
the probe beam at 100 Hz. The pump beam is modulated at very high frequency in order
to induce nonlinear effects in a spectral region with very low noise (the 1/f characteristic
noise of the system becomes very small in the MHz region of the spectrum). Usually the
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high frequency modulation of optical beams can be achieved by use of electro-optical or
acousto-optical modulators. Unfortunately, both require rather long crystals with large
group velocity dispersion which chirps the pulse. Besides this, different phase shifts and
different group delays are acquired by the o and e rays traveling through the crystal, which
is undesirable. The only amplitude modulator that does not introduce any material in the
beam path is a mechanical chopper. Unfortunately, the highest frequency modulation than
can be achieved with commercially available mechanical choppers is 80 KHz.
In order to modulate the beam at very high frequencies without chirping the pulse we
have designed and built an ultrafast mechanical chopper (patent applied for) [10]. This
chopper uses the driver of a Stanford Research model SR 540 with a micron size metallic
blade photo-lithographically deposited on a 1 mm thick quartz substrate. To utilize the
high frequency modulation, the beam is focused to a spot·size smaller than the chopper
slits. Because the metallic layer is highly reflective, a fast detector reading the reflected
beam (having the same frequency as the transmitted beam, CQn) gives the output reference
signal for the high-frequency lock-in amplifier (HFLA). In Fig. 6.5.a we can see the 1
MHz modulation of the beam using the mechanical chopper. Fig. 6.5.b shows an
enlargement where we can distinguish the 87 MHz train of 100 fs (FWHM) pulses.
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a.

b.

Fig. 6.5 Modulation at 1 MHz (a) using ultrafast mechanical chopper of the 87 MHz train
(b) of 100 fs (FWHM) Ti:Sapphire pulses.

The signal coming from D (which detects the probe beam) is modulated at CQ: (100 Hz
modulation of the probe) and, during the nonlinear interaction with the pump is also
modulated at

mn (1 MHz modulation of the pump). The output of the HFLA is an

electrical signal proportional with the changes in the probe beam at

mn, but also containing

the modulation at CQ: because the time constant of the HFLA is chosen to be 10 ms. By
applying this signal as an input for a low frequency lock-in amplifier (LFLA) that uses CQ:
as a reference, we obtain as output a signal proportional with the changes in the probe
beam energy only due to the interaction between the pump and probe beams (the output of
this detection system is non-zero only if the probe beam is modulated at both frequencies
(~n and m:) at the same time). This way we can improve the signal to noise ratio of our

signals by not being sensitive to variations in either the pump or the probe beams. This
method presents a disadvantage over the traditional method of just monitoring the probe
beam energy: it needs signal calibration. The noise reduction obtained by using the
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heterodyne method is so impressive that it makes the need for calibration a very small
price to pay. We were able to improve the signal to noise ratio by 4-5 orders of
magnitude.

6.4. System calibration: two-photon absorption

In order to be able to measure changes in the transmittance of the sample on the order
5

of 10- we had to calibrate the system with a signal that we could also measure directly,
i.e., larger than 1%. Two-photon absorption (2PA) in ZnSe at 840 nm is a nonlinear
process that gives large enough signals.
In Fig. 6.6 we can see the normalized change in the transmittance of a 0.27 mm thick
crystal of ZnSe as a function of the time delay between the pump and probe beams. It is
clear that the use of the chopper - lock-in amplifier detection system improves significantly
the signal to noise ratio of our measurements.
The 2PA experiment provides us with the calibration of our detection system. As
seen in Fig. 6.6, the output of the LFLA (solid line) was calibrated to real relative change
in the sample transmittance (triangles).
Besides the signal calibration, the 2PA experiment provides us with other important
information, such as the pulse width and the irradiance at the sample position. To
understand this, we write the 2PA equations for the probe and pump beams assuming that
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the excitation irradiance (le) is much higher than the probe beam irradiance (Ip), such that
the nonlinearity induced by the probe itself can be neglected [11]:

2PA pump-probe in ZnSe at 841 nm

0.05 r-~---.....-----.--r---..------r-------------

0

-0.05

FWHM = 163 fs
(115 fs FWHM pulse)

-0.10

-0. 15 ,____ _ _ _...____ _ _~.....__--__._________....__,
-400

-200

0

200

400

Delay (fs)

Fig. 6.6. Direct measurement (triangles) and measurement using choppers lock-in
amplifiers system (solid line) of the pump-probe two-photon absorption signal (relative
change in the probe beam) in ZnSe at 841 nm as a function of time delay.

(6.40)
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where

P' is the 2PA coefficient for the pump-probe interaction. For parallel polarizations,

P' becomes the degenerate 2PA coefficient p, but for perpendicularly polarized pump and
probe beams,

P' = P/3 (see below). For a sample of length L, we obtain the solutions for

the pump and probe beams as follows:

(6.41)

For Gaussian pulses, in the small signal limit (PieL << 1) we obtain by integrating Eqs.
6.41 in time and space the normalized change in transmittance for the pump (e) and probe
(p) beams:

___2-fj,l_A/ L
(/iT)
T
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(6.42)

R is the spatial profile factor introduced in Eq. 6.32. For complete characterization of
our experimental conditions we will consider that R also contains the overlap coefficient
inherent to a non-collinear pump-probe geometry.
In order to calibrate our input parameters through the 2PA signal in ZnSe, we need to
estimate the non-degenerate 2PA coefficient for the pump-probe experiment using
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perpendicular polarized beams,

P'. The polarization dependence of x<3> for isotropic (e.g.

polycrystalline) or cubic materials gives X1122 = X1212 = X1111 /3 for excitations not too close
to the band gap [12]. This implies that

P' = P/3 in the case of perpendicular beams.

To compare the degenerate 2PA solution (first in Eq. 6.42) to the pump-probe
solution (second in Eq. 6.42), let's consider the ideal case of 100% overlap and also that
the pump and probe beams are focused to the same waist, i.e., R =½.For zero time delay
between the pump and probe beams we obtain from Eq. 6.42:

(/iT)
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(O)
p,2PA perp.

=~(/iT)
3 T
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(/iT)
T

(0)
p,2PA para .

=2(/iT)
T

e •

We calculate the degenerate 2PA coefficient p for ZnSe at 841 nm using a two-photon
band gap scaling [13] to be

P= 2.3 cm/GW. Introducing this value in Eq. 6.42 we can

estimate the on-axis irradiance for the pump beam by measuring the 2PA signal in the
perpendicular pump-probe experiment at zero delay. However, because we cannot
measure exactly the interaction length (L) for the pump-probe geometry and the spatial
factor R (including the spatial overlap), it is useful to extract the term RleoL from Eq.
6.42, since we will need exactly the same term to calculate the phase shift induced in the
pump-probe experiments in dielectric media. This means that, instead of making separate
calibrations for energy, beam waist, pulse width, interaction length, and spatial overlap, we
make a single calibration for RleoL (being less prone to errors), i.e.,
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3 1 (llTJ
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T ,co)

RI,oinL =- .Jz ~(I-re.fl)

8

(WI cm).

(6.43)

In order to estimate the irradiance inside the ZnSe sample, we used a measured
reflection coefficient of 0.163. As an example, for the -9% signal shown in Fig. 6.6 we
obtain

Riet L =1· 10 WI cm. With this information we are now able calculate an
8

effective phase shift that appears in the expression for the two-beam coupling signal in Eq.
6.35:

(6.44)

where r =

2

(no - J is the reflection
coefficient for the studied material and k = 21t I A.
·
1
n0 +l

The other important information that we obtain from the 2PA experiment is the pulse
width. For small signals, the 2PA pump-probe measurement becomes an autocorrelation
measurement. To prove this, we consider the second of Eqs. 6.41 in the low signal limit:
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Considering the temporal

(f (t))

and spatial

(h(r)) beam distributions, we can

integrate Eq. 6.45 to obtain the autocorrelation in time in the expression for the measured
probe energy as a function of time delay:

(6.46)

For Gaussian pulses the time integral in Eq. 6.46 gives a dependence on the time delay
as exp(-(tde[ I 't
1/

Pr /2) . This way we can extract the pulse width from the 2PA signals as

-J2. of the Gaussian fit to the curves. For example, a FWHM of 163 fs for the 2PA

signal in Fig. 6.6 is a direct indication of a 115 fs pulse width (FWHM).

6.5. Three-photon absorption

Using the 2PA in ZnSe as a calibration for the heterodyne pump-probe system, we can
use Eq. 6.35 to fit signals obtained in transparent materials (i.e., no measurable
absorption). By non-measurable absorption we mean that the band gap of the material is
higher than the energy of at least 3 photons. We require this because three-photon
absorption (3PA) gives enough signal to mask the refractive two-beam coupling we want
to measure. Although studying the 3PA signal is beyond the scope of this chapter, we can
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briefly discuss what signals we expect to see. The coupled equations for the 3PA in the
degenerate and excite-probe case are (in the weak probe approximation):

(6.47)

where y is the degenerate 3PA coefficient and y'=py is the non-degenerate 3PA coefficient
that characterizes the pump-probe experiment. We introduce the polarization coefficient p
the same way we introduced the 1/3 value for the 2PA coefficient in the previous section.
Solving Eq. 6.47 we obtain:

(6.48)

where on the right side we made the small signal approximation. Integrating the last
equation in time and space we obtain the probe energy as function of time delay. We
assume again the space and time distributions to be given by f (t) and h(r). Hence,
(6.49)
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For Gaussian beams we can calculate the normalized change in the probe transmittance
from Eq. 6.49:

(6.50)
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Fig. 6.7. 3PA signal in CuCI (circles) and 121 fs (FWHM) Gaussian fit (solid line) giving
99 fs pulse width (FWHM).

In Fig. 6.7 we can see the 3PA signal for 2.4 mm of CuCl, a semiconductor with a
band gap of Eg = 3 .4 e V, which is more than twice the photon energy at 841 nm ( 1.47
e V). Thus, the nonlinear absorption at this wavelength is due to 3PA.
180

From fitting the data with Eq. 6.50 we obtain a pulse width of 99 fs (FWHM). This
agrees very well with the measured pulse width of 101.6 fs using the autocorrelator. By
performing a calibration with 2PA in a sample of 2. 7 mm of ZnSe (as explained in the
previous section) we estimate the irradiance inside CuCl to be

Jet= 2.3± 20% GW / cm2 ,

which, introduced in Eq. 6.50 gives a 3PA coefficient of y'= 8. 10-3 ±40% cm 3 / GW 2 •
A theoretical calculation of the pure 3PA process gives the following formula for the
3PA coefficient [14]:

y ( cm 3 I GW 2 )
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(6.51)

where Ep= 21 eV is a parameter that does not vary too much for most semiconductors.
For CuCl the band gap Eg is 3.4 eV and the refractive index is n0 = 2. Eq. 6.51 gives at
840 nm a 3PA coefficient of y rh

=5 · 10-3 cm3 I GW 2 • This is in very good agreement with

the experimentally obtained 3PA coefficient considering the fact that the errors are higher
for higher order nonlinearities and considering the simplicity of the model.
We have to note that the noise level for the signal shown in Fig. 6.7 is rather high
(6x10-4) for the following reasons: first, this particular experiment was performed with a
noisy Argon-Ion laser pumping the Ti:Sapphire oscillator, second, the pump beam was
chopped at 3 KHz using the usual Stanford Research chopper, and third, the pump and
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probe beams had the same linear polarization, such that the scattering from the pump
beam in the direction of the probe detector adds to the noise.

6.6 Two-beam coupling measurements in refractive media

We have succeeded to improve the signal to noise ratio shown in the previous section
by two orders of magnitude by eliminating some of the sources for noise. Replacing the
Argon-Ion laser with the very low noise and high stability cw 532 nm Millennia laser from
Spectra-Physics considerably reduced the noise of the Ti:Sapphire oscillator. By making
the polarization of the pump and probe beams to be perpendicular we could use a
polarizer before the detection system in order to eliminate any direct scattering from the
pump into the probe beam. This way, chopping the pump beam at 3 kHz we could bring
6

down the noise level to about 10- • However, we obtained this low noise level only for
short periods of time, when the pump laser (Millennia) was working in an extra-quiet
regime. Any small perturbations (mechanical, environmental, etc.) seem to bring the laser
into a regime which does not allow us to measure signals below 10-4. By monitoring the
laser output noise with a spectrum analyzer we found that in the normal operation mode
the 1/f noise of Millennia drops at levels we could not detect (<-100 dB) above 100 kHz,
but in the extra-quiet mode, the roll-off happens below 3 kHz. Hence, to be able to
measure low signals independent of the pump laser we have to modulate our signals at
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frequencies higher than 100 kHz, close to 1 MHz. The ultrafast mechanical chopper
described in Section 6.3 does just that.
In order to be able to measure changes in transmittance on the order of 10-5 it is
necessary to have a very good optical quality sample. Combined with the requirements for
large band gap and high nonlinear refractive index, this restricts the number of samples
that we could use in the two-beam coupling experiment.
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Fig. 6.8. Two-beam coupling using chirped pulses in pump-probe experiments in PbF2 and

We present here the results for two dielectrics that meet our requirements: lead
fluoride (PbF2) with a band gap Eg = 5.8 eV, measured nonlinear refractive index
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15
2
n2=1.3±0.2 x 10- cm (using the Z-Scan technique), refractive index n0 = 1.8, and fused

silica (SiO2) with a band gap Eg = 7.8 eV [20], nonlinear refractive index n2 = 3.1 x 10- 16
2
cm [20], refractive index no= 1.5 [20]. In Fig. 6.8 we show the measured two-beam
coupling signal obtained in PbF2 and SiO2.
By performing 2PA pump-probe measurements in ZnSe we find (see Section 6.4) a
pulse width of 100 fs (FWHM), which means that 'tp = 60 fs (HWl/eM). Also, we find
8

that ( RIeoL) = 2.56 · 10 WI cm , which yields an effective phase shift inside the sample
(given by Eq. 6.42) RLit1> 0 of 0.023 for PbF2 and 0.0057 for SiO2. By measuring the
bandwidth of the laser pulse ( LiA = 17.3nm FWHM) we estimate the coherence time to be
62 fs (FWHM), and hence, a linear chirp coefficient of C = 1.3. Now we have all the
elem_ents to fit the curves in Fig. 6.8 with Eq. 6.35.
The results are shown in Fig. 6.9 for PbF2 and in Fig. 6.10 for SiO2. In both cases we
assumed the Debye equation given by Eq. 6.5 to describe the time evolution of the
nonlinear refractive index. As discussed in Section 6.2 a given signal can be explained by
either a faster or a slower response time compared to the pulse width. This means that for
the same magnitude of the signal we can identify two response times that would explain
the two-beam coupling, assuming a Debye-type relaxation equation. We can see how the
discussion in Section 6.2.4 applies to these experiments, i.e., for response times smaller
than the pulse width the signals should peak at the HW 1/eM of the pulse, while for slow
Debye relaxation times the signals should peak at shorter time delays. Because the slow
response times assume that the nonlinearity is caused by molecular motion, only the
molecular (nuclear) part of the nonlinear refractive index has to be taken into account.
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Because we do not know exactly what the relative contributions o the nonlinear refractive
index from electronic and nuclear motions are, we can only estimate the effect. This means
that the response times we find depend on the assumed ratio of nuclear refractive index to
total refractive index. In the following estimations we will assume that 10% of the total
refractive index is due to atomic motion (nuclear or vibrational n2), based on reported
measurements on high index glasses [ 15, 16].
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Fig. 6.9. Two-beam coupling signal in PbF2 (squares) with fits assuming Debye relaxation
times of 265 fs (dashed line) and 0.48 fs (solid line) for 10% "slow" n2.
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Fig. 6.10. Two-beam coupling signal in SiO2 (circles) with fits assuming Debye relaxation
times of 390 fs (dashed line) and 0.36 fs (solid line) for 10% "slow" n2.

We see in Figs. 6.9 and 6.10 that the fits assuming slow relaxation times (dashed lines)
of 390 fs for PbF2 and 540 fs for SiO2 do not fit the data nearly as well as the fits assuming
fast relaxation times (solid lines) of 0.34 fs for PbF2 and 0.25 fs for Si 0 2. These times are
obtained by fitting the amplitude of the signal.
By varying the pulse width and the linear chirp coefficient of the pulses we have
consistently obtained better fits to the data with fast (sub-femtosecond) than with slow
(sub-picosecond) response times. Hence, according to this analysis we obtain very fast
(0.48 fs for PbF2 and 0.36 fs for SiO2) Debye relaxation times. Although these times are
on the time scale of electronic motion [4-9], as we will show in the next section, nuclear
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vibrational motion can lead to the same signals if the frequency difference leading to twobeam coupling is large enough such that the beams can experience Raman gain.
Nevertheless, the possibility of measuring response times much shorter than the pulse
width encourages us to search for ultrafast response times in materials with very small
Raman gain.
As we would expect, we also see large signals in CS 2 , nitrobenzene, water, and other
liquids that exhibit rotational nonlinear refractive index. In these liquids the rotational
nonlinear refractive index competes with other contributions such as vibrational (nuclear,
or Raman contributions), librational (vibrations of the neighboring molecules due to
rotation of individual molecules), or even electronic nonlinear refractive index. Hence, we
concentrate on materials that exhibit fewer degrees of freedom, i.e., solids.

6. 7 Atomic Vibration Contributions:
Low Frequency Raman Gain Measurements

In order to decide upon the mechanisms leading to sub-femtosecond response times as
observed in the previous section, we have to draw our attention towards what leads to
measuring these response times in the first place: the Debye equation given in Eqs. 5.6 and
6.5. The Debye equation accurately describes any non-instantaneous process evolving
towards a steady state. If the driving force that perturbs the system excites a normal mode
of the system, a Debye equation cannot be used since it does not allow for restoring
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forces. In other words, if we are exciting the system close to a resonance, the system
responds with an oscillatory motion rather than a Debye-type motion. The Debye equation
is an additive memory-based equation and does not allow oscillations. To correctly treat
such a system we have to consider a second order equation of motion, allowing a restoring
force to compete with the driving and damping terms.
With the proper frequency for the driving force the molecular vibrational motion can
be excited, leading to Stimulated Raman Scattering (SRS). The equation for the molecular
vibration coordinate Q for SRS is [17-19]:

(6.52)

where .Q0 is the natural frequency, Mis the generalized vibrating mass (roughly, the mass
of the nuclei), and r is the damping factor. The driving term on the right side contains the
variation of the molecular polarizability a and the excitation, which, in our case is the
chirp induced grating, oscillating with frequency .Q = CtdeL I 't P. The solution of Eq. 6.52
at resonance (.Q = .Q0) gives the Raman gain G(cm/W) at the Raman line center [17]:

(6.53)
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The Raman natural frequency of materials (solid, liquid or gas) Q 0 ranges from 100
cm-I to 5000 cm-I [20]. This corresponds to frequencies from 3 to 1500 THz. To
understand why we didn't worry about Raman effects while studying the two-beam
coupling in CS2 with picosecond pulses in Chapter 5, we can estimate the driving
frequency

n in that case. The frequency difference between the pump and probe beams

depends on the time delay between pulses. However, because we obtain maximum energy
transfer at time delay equal to the pulse width, a good estimate for the frequencies
achieved in the experiment is the value at the peak of the signal, i.e., Q

=CI 't

P •

For the

picosecond pulses used in the stimulated Rayleigh-wing scattering (SRWS) experiments
we had a linear chirp coefficient of 0.75 and a pulse width of 17 ps (HWl/eM). This gives
a frequency of 7 GHz, three orders of magnitude smaller than the Raman frequency. This
is just a manifestation of the fact that the bandwidth of picosecond pulses is much smaller
than the Raman frequencies. For the femtosecond pulses, however, the bandwidth
becomes large enough to put us closer to a Raman resonance. A 70 fs (HWl/eM) pulse
width, for example, corresponds to a frequency difference between the pump and probe
beams of 2.3 THz at the peak of the signal in the case of a linear chirp coefficient C = 1.
The fact that the frequency difference between the pump and probe beams is close to
resonance makes us believe that the Debye equation used to determine the gain in the twobeam coupling experiments must be replaced with a solution of Eq. 6.52 [19,21].

If we accept that the nuclear motion (i.e., Raman) is responsible for the two-beam
coupling signals presented in Section 6.6, we have to ask ourselves what do the relaxation
times calculated in Section 6.6 from assuming a Debye equation for the refractive index
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mean. Close to the Raman resonance, a Debye-type equation is no longer appropriate to
describe the interaction, such that Eq. 6.52 has to be used instead. We can show that far
away from resonance, we can approximate the Raman-wing gain with a Debye equation.
We have to keep in mind that the Debye times used to calculate the two-beam coupling
gain will not be the response time of the material. We can do this by writing a similar
equation with Eq. 6.52 for the nonlinear refractive index [21]:

(6.54)

Because the driving term is given by the interference between the pump and probe, the
solution of this equation will also have a dependence like e-;n, . We obtain the solution for
the nonlinear refractive index in the frequency domain:

kl

kl

2
nNL = n/-n -i2rn = (n 2-n2)(t--iQ
2r ) ·
0

Q

(6.55)

2_,n2
0

Because of its frequency dependence, we can write nNL = -iQnNL, such that we can
rewrite Eq. 6.55 for low frequencies (below resonance,

Q<<Qo) as a Debye equation:

(6.56)
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It is very interesting to note that the Debye relaxation time is

't

d

2r

1

~"o

~"o 't

=n2
--=
-n2'

(6.57)

where 'tis the response time of the medium associated with the damping. Physically, Eq.
6.57 can be interpreted as follows: the excitation of a wing of a Raman mode can be
treated as a Debye-type equation with a relaxation time inversely proportional to the
central Raman frequency (squared) and the response time of the nuclei to the excitation at
that particular frequency. Just as an exercise, for the 440 cm- 1 Raman line, using a
reported response time of 391 fs (Ref. [22]) we obtain a Debye relaxation time of 0.37 fs.
It is a coincidence that we find exactly the measured Debye relaxation time of 0.36 fs in

glass because, as discussed before, in this case we attribute the effect to nuclear motion
and we have to assume a longer response time (e.g., 3.6 fs). Although this short Debye
relaxation time does not represent the response time of the material (which is on the order
of picoseconds or sub-picosecond for nuclear motion), it explains why we obtain subfemtosecond relaxation times from fitting the data in Figs. 6.9 and 6.10.
However, to apply a solution like Eq. 6.55 far from resonance is not appropriate
because the Raman gain spectrum does not behave the same in the wings as it behaves
around the line center, i.e., the damping term r given by the width of the Raman line does
not accurately describe the equation of motion in the wings of the Raman spectrum [19].
As we have estimated, our frequency difference n varies from 0 to a few THz, which
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means that it sweeps through a resonance at 200 cm· 1 from its wings to the center of the
line and maybe even at higher frequencies. This makes it very difficult to model the twobeam coupling gain using a single oscillator equation like Eq. 6.54.
An alternative approach to estimate the Raman contribution to the two-beam coupling
signals presented in the previous section is to measure the Raman spectra at low
frequencies [21].
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Fig. 6.11. Raman gain spectrum for PbF2 (dashed line) and Si02 (solid line) obtained with
488 nm excitation. The insert shows the Si02 spectrum alone.

Direct measurements of the spontaneous Raman spectra were performed by Dr. A.
Shulte from the Physics Department at UCF for PbF2 and Si02 using as excitation the 488
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nm line from a cw argon-ion laser. We can see in Fig. 6.11 a strong PbF2 Raman line
1

centered at 250 cm- and a wide band for Si02 caused by multiple Raman resonances (seen
better in the insert in Fig. 6.11) and inhomogeneously broadened by scattering on
impurities. The resolution of this experiment is fixed by the filter used to block the direct
scattering at 488 nm, giving a minimum probing frequency at 50 cm- 1 ( corresponding to
1.5 THz).
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Due to interest in silica fibers for optical communications have more precise direct
measurements of Raman gain in glass have been performed. Stolen et. al. in Ref [22]
found 6 resonances in glass, the first two at 440 and 604 cm-I, while the rest are above

750 cm-I. More interesting for our experiments are the low frequency Raman spectrum
measurements performed by Dougherty et. al. [24] in glass optical fibers between 6 and
1

900 cm- • Their measurements are based on the large bandwidth provided by self-phase
modulation (SPM) in fiber and the results are shown in Fig. 6.12.
In the top part of Fig. 6.12 we can see the mentioned peaks of the Raman spectrum for
parallel and perpendicular polarization with respect to the excitation. It is a better resolved
spectrum , but it shows the same features as the SiO2 spectrum shown in Fig. 6.11. The
bottom part of Fig. 6.12 shows the low frequency part of the spectrum, which shows the
Raman gain in the frequency regime of our pump-probe frequency difference.
The spike around zero detuning is a coherent effect that appears only for parallel
polarizations. The authors show that for frequencies below 2 THz the Raman gain can be
approximated with:

3

g(v) = a -1.2 -10- 11 (0.02v +0.04v )cm/W,

(6.58)

where v is the detuning in THz and a = 0.45 is the polarization coefficient for crosspolarized beams. A similar relation can be found in Ref. [24]. We can see that for low
frequencies even a linear approximation
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g(v) =a · 1.2 · 10-u · 0.07v

=3.8 · 10-13y cm I W

(6.59)

can explain the Raman gain spectrum.
With the Raman gain as a function of detuning known, we can calculate the two-beam
coupling signal expected. For linearly chirped pulses, the frequency difference between the
pump and probe is v

=n / (21t) = Cdel I (27tt P) (Hz). The two-beam coupling equation

becomes:

dip
dz

(6.60)

-=g(del)IJP,

and by integrating it we obtain the normalized change in probe transmittance as:

llT)

(T

RI L
P (del)

=

J½

g(del)e

_de12
2

•

(6.61)

To compare this with the expression obtained assuming Debye fast relaxation times, we
rewrite Eq. 6.36 as:

llT

( T )
p

de12
Cdel -det2
2 =Rle L--e 2 ·(2.fiani,t,)
(del)=2.fiaRll<I> 0 rdelCe-0
tP
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(6.62)

and, using the linear approximation for the Raman gain, Eq. 6.61 as:

liT)
(del)
(T

12

Cd l de2
= Rle0 L-e-e-·4.25· 10-26 •

(6.63)

't P

P

For glass we find that (2a.fi.n/<:t,) = 2.36 · 10-26 • Hence, the signal obtained assuming
a linear Raman gain as a source for beam coupling (Eq. 6.63) is less than a factor of 2
different than the one obtained in the Debye model (Eq. 6.62) and, thus, we have to
assume that it is the cause for the signal seen in glass.
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Fig. 6.13 Two-beam coupling in SiO2 (circles) and the theoretical fit (solid line) assuming
a Raman gain linear dependent in frequency.
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Fig. 6.13 shows that we can very well fit the two-beam coupling data (for example,
circles for SiO2) using Eq. 6.60 (solid line) with a linear frequency dependence of the
Raman gain: g(v) = 2.3· 10- v cm/W, which is close to the previously reported Eq. 6.59
13

for silica fiber. This proves that the two-beam coupling signal measured in SiO2 is given by
a low-frequency Raman gain linear dependent in detuning rather than a sub-femtosecond
Debye-type relaxation of the nonlinear refractive index.
There are no measurements for the low frequency Raman gain in PbF2 (the large
bandwidth needed for such a measurement could be obtained only in glass fibers), but the
Raman spectra from Fig. 6.11 makes us believe that the signals seen in in PbF2 are also
due to low frequency Raman gain.
From Eq. 6.61 we can find another application of the two-beam coupling signal using
linearly chirped pulses: the measurement of the Raman-wing gain, i.e., the gain at low
frequencies. The direct measurement of the low frequency Raman gain is limited by the
use of filters to block the excitation. The alternative way is to measure the Raman
spectrum using a large bandwidth provided by phase modulation of ultrashort pulses in
fibers. This limits, however, the applicability of that method to glass only. The method we
propose here can be used with any material, with a high limit in measuring the Raman
spectrum given by the bandwidth of the pulses. With our Ti:Sapphire laser we estimate
1

that we can measure the Raman spectrum from Oto 10 THz (up to 300 cm- ).
The idea is very simple: use a linearly chirped pulse in a pump-probe experiment on the
sample we want to measure and record the normalized change in the probe transmittance
as a function of time delay. Because the chirp is linear, the time delay is directly
197

proportional to the frequency difference between the pulses. The equation that gives the
signal is Eq. 6.60 and we can rewrite its solution, Eq. 6.61 as:

Ji
g(del)=--e

12
de2

Rle 0 L

(dT)

(del),

-

T

(6.64)

P

27t't

where del

=~ v , with C - the linear chirp coefficient.
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Fig. 6.14. Low frequency Raman spectra for PbF2 (squares) and SiO2 (circles) obtained
using the chirped-two-beam coupling method, along with linear fits.

Applying Eq. 6.64 to the data shown in Fig. 6.8 we obtain the Raman gain spectra
shown in Fig. 6.14. The linear fits to the low frequency Raman gain (solid linear in Fig.
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6.14) are g(v)

=8.58· l0- 13V

for PbF2 and g(v) = 2.25· l0- 13v for SiO2, where vis in

THz and g is in cm/W.

If we take a closer look at how we actually measure the data we can see that a relative
measurement makes the absolute system calibration obsolete. To explain this, let's
consider that we are performing the pump-probe experiment in the studied media and in
the two-photon absorber (for example, ZnSe) in the same experimental conditions, i.e.,
same input irradiance and same spatial beam overlap. Eq. 6.42 accurately describes the
2PA process in the case of a weak signal (less than 10% change in transmittance). The
signal given by the detection system is a d.c. voltage proportional with the normalized
change in the transmittance of the sample. The detected signals in the case of the 2PA
process (V2pA), Raman gain process (VRaman), and Debye relaxation process(V Debye), can be
obtained from Eqs. 6.42, 6.61, and 6.62, respectively:

(6.65.a)

RI L

VR aman (del)

VDebye (de[)
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(6.65.b)

g(del)

4aCn 2 kt
't

r de [ .

(6.65.c)

/J

The polarization dependence is taken care of by ~' for the 2P A process ( 1/3 of ~ for
cross-polarized beams [12,13]), by the g(del) in the Raman gain process, and by a in the
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Debye relaxation process. We can immediately see that a relative calibration is sufficient,
i.e., a direct readout from the detection system in the studied process compared with the
same information from the 2PA process. By dividing Eqs. 6.65.b and 6.65.c to Eq. 6.65.a
we eliminate all the experimental errors related to pump-probe overlap, relative beam size,
and absolute system calibration.
In the case of the Debye relaxation process we obtain:

(6.66)

In the case treated here, i.e., linear chirp, the function on the right side is independent of
del, the normalized time delay (tdei/'tp). Any dependence on del indicates deviation from the
linear chirp. Eq. 6.66 proves again that the two-beam coupling method can be used to
measure one of the following parameters: linear chirp coefficient or relaxation time, if the
other one is known.
In the case of the Raman gain process we obtain:

g(del)

=

2~'[-

(6.67)

VDebye(del)]'
V2PA (de[)

21t't p

ct·

where the normalized time delay can be written as del =--v. Hence, Eq. 6.67 pre 1cts
C
a direct measurement of the low frequency Raman gain as a function of the detuning v
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using controlled linearly chirped pulses. In both Eq. 6.66 and Eq. 6.67 one needs to take
into account the Fresnel reflection as well. Of course, by using a material with a known
low frequency Raman spectrum, the linear chirp coefficient of the pulse can be inferred. In
the case of nonlinear chirp, numerical calculations can extract the time-dependence of the
chirp from the experimental data.
Eqs. 6.66 and 6.67 show that estimating the response times or the low-frequency
Raman gain we depend on the two-photon absorption coefficient ~'. Hence, the error bars
associated with the numbers reported in this Chapter are mostly given by the relative error
made in the assumption that ~' = 1/3 x 2.3 cm/GW at 840 nm. Besides this uncertainty,
we estimate the experimental errors to be less than 10%.

6.8 Conclusions

Based on the two-beam coupling experiments presented in Chapter 5 we have
introduced in this chapter a method of measuring arbitrarily short response times for
systems obeying a Debye-type relaxation equation. The method is based on scattering
from the refractive grating induced in the nonlinear material by the pump-probe
interference pattern. The frequency difference between the pump and probe beams
depends on the chirp of the pulses and the energy transfer is possible because of the noninstantaneous nonlinear response. We have presented a generalized theory for two-beam
coupling for any input beam profiles (spatial or temporal) with any kind of chirp. In
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particular, for linear chirped Gaussian beams we obtain a simple formula that enables us to
fit the data and decide upon the De bye relaxation time of the nonlinearity.
The limit in measuring shorter response times is given by the ability to measure smaller
changes in the probe beam energy. Using a two-stage lock-in technique (modulating both
beams and filtering out the noise through a system of two lock-in amplifiers) and by
designing and building an ultrafast mechanical chopper (up to 1 MHz) we are able to
measure normalized changes in the probe beam energy as low as 10-5• The calibration for
the system is provided by the two-photon absorption signal in ZnSe. This way we are able
to measure small signals due to higher order nonlinearities. As an example, we have
measured and compared with the theoretical prediction a three-photon absorption signal in
CuCl.
In order to measure small effects like the chirped-two-beam coupling signal we have to
perform experiments on samples with large band gap and reasonable nonlinear refractive
index. For the samples used (PbF2 and SiO2) the probing frequency difference between
the pump and probe can see substantial Raman gain (but still not at resonance), and the
Debye equation does not give us the response time of the medium, but rather a
combination between the response time and the Raman frequency. The chirped two-beam
coupling experiment proves to be in this case a method of measuring the low frequency
Raman spectrum or the linear chirp coefficient of the pulse, whichever is unknown.
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CONCLUSIONS

A series of experiments were built and used to characterize the nonlinear behavior of
various materials. In the search for a better optical limiter the researcher has to test and
decide upon the mechanisms leading to nonlinear absorption or refraction. We started by
studying the nonlinear absorption and refraction both in sign and magnitude at a single
wavelength. Performing Z-Scan and limiting experiments with picosecond and nanosecond
pulses we could identify which mechanisms lead to optical limiting in the studied samples:
nonlinear absorption due to multi-photon absorption, excited state absorption in materials
showing reverse saturable absorption, nonlinear scattering, etc. A large variety of
materials were studied, including semiconductors, organic materials, liquid crystals,
inorganic clusters, with emphasis on several organic molecules that exhibit excited state
absorption, such as phthalocyanines and porphyrins.
We measured the two-photon absorption (2PA) coefficients and nonlinear refractive
indexes by performing open- and closed-aperture Z-Scans of several materials such as zinc
selenide (ZnSe) and the liquid crystal 5CB. In the case of excited state absorbers (ESA)
the nonlinear process is more complicated. Among the organic molecules studied, we
found the most promising for optical limiting to be Silicon Naphthalocyanine (SiNc), Zinc
Tetra (p-methoxyphenyl) tetrabenzporphyrin (Zn:TMOTBP), and Lead tetrakis(~203

cumylphenoxy)phthalocyanine (PbPc(P-CP)4). A five-level model describes the nonlinear
conduct of the first two, while a three-level model accurately explains the behavior of the
third one at high concentrations. With picosecond Z-Scan experiments we measure the
singlet excited state absorption cross-section, and, if the input fluence is high enough to
saturate the singlet-singlet transition, the lifetime of the upper excited state can be
determined. Because the inter-system crossing time from the singlet to the triplet state is
on the order of nanoseconds, by testing the materials in the nanosecond regime we could
measure the triplet excited state absorption cross-section as well. By changing the time
regime from picosecond to nanosecond, we can discern between the 2PA process (which
is instantaneous and irradiance dependent) and the ESA process (which has "memory" and
depends on molecules being previously excited, giving to this process a time integrated
irradiance -i.e., fluence- dependence).
Determining the ESA cross-sections helps us decide upon the limiting properties of
these materials. In order to study the dynamics of the nonlinear mechanisms we had to
time-resolve the nonlinear absorption. For this purpose we built a single wavelength (at
532 nm) pump-probe experiment that enabled us to test the transmittance of the sample at
up to 15 ns after inducing the nonlinearity. By measuring both the tum-on and tum-off
times one can decide upon the mechanism leading to nonlinear behavior: In the case of
ESA, by monitoring the time evolution of the nonlinear absorption we measured the
lifetimes of the singlet excited states to be on the order of nanoseconds, and the lifetimes
of the triplet excited states to be much longer, up to microseconds. For the 2PA process
we identified the instantaneous nonlinear absorption due to 2PA, but we could also
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measure the decay of the 2PA induced excited state absorption. Another application of the
pump-probe experiment was to determine the mechanisms leading to unusual limiting
behavior of the inorganic metallic cluster Mo 2Ag4S8(PPh 3)4. The slow turn-on time of the
nonlinearity and the very high order nonlinearity could be explained by performing pumpprobe experiments on this sample and carbon black suspension (CBS). These experiments
and nanosecond limiting experiments confirmed the fact that the nonlinear limiting
mechanism of these two samples is similar, and that it is a combination of scattering and
nonlinear absorption. The loss of transmittance is based on scattering and absorption of
light by rapidly growing microplasmas formed by heating the particles in the sample with
subsequent bubble formation.
After deciding upon the nonlinear .mechanism leading to change in transmittance and
determining the time evolution of the nonlinearity, in order to decide which material is
better for optical limiting one has to be able to test it at other wavelengths as well, ideally
over the whole frequency spectrum that one wants to have limiting. For studying the
nonlinear absorption over a broad spectral range a nonlinear spectrometer has been built.
This apparatus is based on a pump-probe experiment using an ultrashort continuum whitelight pulse as the probe. Using a dual channel spectrometer as the detection system, the
information about the nonlinear absorption of the studied material is extracted in a single
measurement over the entire visible spectrum. The continuum pulses are obtained by
focusing high energy ultrashort pulses into a water cell. The source for the 150 fs pulses at
850 nm is a Ti:Sapphire oscillator amplified by a Cr+3:LiSAF based regenerative amplifier.
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From the nonlinear absorption spectra obtained with this nonlinear spectrometer we
can infer the spectral regions where the materials have high nonlinear absorption crosssections, i.e., where and if they can be used in an optical limiter. By varying the time-delay
between the pump and the continuum probe, we have obtained the time evolution of the
nonlinear spectra. These experiments are very useful in characterizing the nonlinear
absorption processes and the limiting performance of the materials. If the spectral region
covered by the nonlinear spectrometer includes all the main nonlinear absorption bands of
a particular material, by integrating the nonlinear absorption spectrum over all these
frequencies we can obtain through Kramers-Kronig relationships the nonlinear refraction
at any wavelength, i.e., the nonlinear refraction spectrum. This goal will be achieved with
the addition of an infrared detection system, extending the wavelength range of the
nonlinear spectrometer from 200 to 1,700 nm.

The first part of the dissertation presented the efforts made for material
characterization (with emphasis on the nonlinear absorption) with the declared goal of
finding a better optical limiter. In the second part we have focused on describing and
characterizing a purely refractive effect (chirped two-beam coupling) that appears in
pump-probe experiments on transparent media using chirped pulse. We have demonstrated
coherent energy transfer using refractive gratings for identical, but frequency chirped
pulses. The two-beam coupling takes place because of the non-instantaneous nonlinear
refractive index that creates a time lag between the nonlinearly induced index grating and
the irradiance interference pattern that produced it. The phase shift is created by the
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frequency difference between different parts of the pulses, i.e., chirp. We have presented
experimental evidence of the two-beam coupling for Kerr-type media that has a slow
reorientational nonlinear refractive index. The energy transfer in this case is due to
stimulated Rayleigh-wing scattering (SRWS). The signals obtained by monitoring the
probe beam energy as the time delay between the pump and probe beams is varied are a
measure of the nonlinear refractive index, the response time of the nonlinearity, and the
chirp of the pulses. We have identified SRWS as the source for beam coupling by studying
the polarization dependence of the signal. Knowing the relaxation time and the nonlinear
refractive index for CS2 the signals measured gave us the measure of the chirp of the
picosecond pulses. An independent measure of the chirp was in perfect agreement with
this prediction so that the relaxation time of the materials can be measured.
As we demonstrated, this effect can be used to decrease the limit in time resolved
measurements, usually given by the pulse width. This method is sensitive to unlimited
small response times (compared to the pulse width), the limit being given by the ability to
measure small changes in the probe transmittance. A two-stage lock-in amplifier detection
technique using a novel ultrafast mechanical chopper design enabled us to measure
5

normalized changes in probe energy as low as 10-

•

Using 100 fs (FWHM) pulses we have experimentally demonstrated the possibility of
measuring sub-femtosecond Debye-type relaxation times for the nonlinear refractive index.
Far away from the Raman resonance we can obtain a Debye-type relaxation equation
which, when applied to the two-beam coupling theory yields sub-femtosecond quasiresponse times. The signals obtained in dielectrics such as SiO2 and PbF2 are, however,
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consistent with what we should obtain from vibrational motion of the nuclei because the
frequency difference between the pump and probe beams in these particular experiments is
large enough to see Raman gain.

If a Raman mode is excited by the frequency difference between the pump and probe,
by varying the time delay (and, hence, the probing frequency difference) we can obtain the
low frequency Raman spectrum of the material. We have experimentally obtained the
Raman spectrum for the studied materials for detunings from 0 up to 10 THz
(approximately 300 cm- 1).
Using linearly chirped pulses (with known chirp coefficient) we have characterized the
nonlinear process that leads to energy transfer by determining the response time in the
case of a Debye relaxation process and by measuring the low frequency Raman gain
spectrum in the case of nuclear nonlinearity. Consequently, by knowing the nonlinear
behavior of the material that shows two-beam coupling, we can determine the chirp of the
laser pulses.
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Appendix A

Nonlinear absorption and refraction from Maxwell's equations

To study the interaction of light with matter we have to start with the Maxwell's
equations for the electromagnetic field:

V·D= p ext
V·B=O

- aB ,
VxE=-dt

(A.1)

- - af>
VxH=J-i3t
where

D=e E+P=eE
0

(A.2)

B= µ 0 ii+M =µii.

In an usual optical medium such as a dielectric there are no free charges ( p ext
currents ( j ), and no induced magnetic moment

=0 ), no free

M . In this case, taking the curl of the

third of Eqs. A.1 and using Eqs. A.2 we obtain:

-

a

-

-

a2f>

_

Vx VxE+ µ 0 -(VxH) = Vx Vx E+ µ 0 - 2 = V xVxE+ µ 0
dt
dt
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a2 (eoE+i>)

at

2

=0. (A.3)

Defining the speed of light as c = 1/ ~£ 0 µ 0 we can rewrite Eq A.3 as follows:

a

a i>

dt

dt 2

- 1 2E
VxVxE+---=-µ
02
2
c

2

(A.4)

•

Using the identity V x V x F = V · (V. F)- V 2 F we obtain:

-)

2-

1

aE
2

a i>
2

V- ( V-E -VE+---=-µ
0- 2
c 2 dt 2
dt

(A.5)
•

For no free charges V · :5 = 0, which means V · (EE)= VE· E+EV· E = 0. In nonlinear
optics the term VE · E does not automatically vanish even for isotropic media unless the
input is an infinite plane wave. However, this term is generally small and it can be dropped
when using the slowly varying envelope approximation, which is our case (see later).
Hence, we will assume that the first term of Eq. A.5 is identically zero. It is useful to
separate the linear and nonlinear parts of the polarization. Moreover, let's include the
imaginary part of the linear polarization (responsible for linear losses) in the nonlinear part,
hence separating only the real part of the polarization, responsible for propagation through
the medium:
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Eq. A.5 becomes in this case:

(A.7)

From Eq. A.7 we obtain the linear refractive index of the material to be:

(A.8)

A brief discussion is necessary to explain the applicability of Eq. A.8. To define the
refractive index we have to look at Eq. A.7 in the absence of any nonlinearity. In this case
the term on the right side contains only the linear absorption. If we do not separate the
real and imaginary parts of the linear susceptibility (i.e., put the linear absorption on the
left side of Eq. A.7), we obtain in the linear case:

2-

VE-

1+ x< 0
C

2

a2E =0.
dt 2

(A.9)

which is the wave equation for propagation in a medium with a complex index of
refraction 11 given by:

(A.10)
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With this, our definition of refractive index (Eq. A.8) yields:

(A.11)

The solution for Eq. A.9 has a spatial dependence as
that the term

e-noz

e;1cz

=eirtkoz =eink ze-n°z. We can see
0

defines the linear absorption of the material. To estimate how good an

approximation is n0 to n, let's see what happens if K is comparable with n. If we assume,
for example, that K = 1 we obtain for 1 cm of sample at 628 nm a linear transmittance of
e- 100 •000 • Hence, for all practical purposes (i.e., excluding an input electric field wavelength
at the peak of the linear absorption spectrum of the material), we have K << 1, such that
we can affirm from Eq. A.11 that n0

=n.

Hence, the wave equation for propagation through the material (Eq. A.7) becomes:

(A.12)

In the absence of nonlinear effects the term on the right side of Eq. A.12 gives only the
linear absorption of the medium. Let's assume a quasi-monochromatic input electric field
propagating along· the z-axis inside the sample. In this case the electric field the induced
polarization vectors are given by:
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E(r, t, z) = E(r, t ,z)e-;1a.e-irot
P(r,t,z)

(A.13)

= P(r,t,z)e-i1a.e-iro,'

where we have separated the slowly varying amplitudes of th~ electric field and
polarization from the fast oscillating term e-irot and the propagation term e-kz. With Eq.
A.13 in Eq. A.10 we obtain the nonlinear wave equation for the amplitude of the electric
field:

n2EV

2 2
(aatE

-no
-

C

2

aiat

- - - l·2( t ) - - ( t )
2

2£-J- µ (a-2-j:,NL- z·2 af:,NL
at
at
-

O

2

(t)---(t)

2r,D J
NL

•

(A.14)

For pulses much longer than the optical cycle (which is usually the case) we can ignore the
derivatives with respect with time (rate of changes) when compared with

co. This

approximation is called the Slowly Varying Amplitude Approximation (SVEA).
Furthermore, since the nonlinear effects are very small we can also ignore the derivative of
the nonlinear polarization to obtain the following expression:

(A.15)

We can separate the Laplacian operator into the transversal and longitudinal parts, i.e.,

(A.16)
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If the beam does not change much its spatial profile we can make the assumption that
the transversal derivative is much smaller than the derivative along the z-axis. This
approximation is called the "thin sample approximation" and it holds for sample lengths
smaller than the Rayleigh range (or diffraction length) of the beam. We actually neglect the
diffraction inside the sample assuming that the beam remain collimated throughout the
medium.
Another approximation that we make in defining the field in Eq. A.13 is the paraxial
approximation, which assumes that the rate of change in the z direction is much smaller
than the propagation vector, leading to the neglecting of the second derivative in respect
to z (i.e.,

ja az2j << li2kd I c)zl ). In other words, the same way we assumed that no
2

/

amplitude changes are made during one temporal cycle , we can assume that no significant
changes are made during a spatial cycle. With these approximations, and with k = n0ro I c
we obtain from introducing Eq. A.16 in Eq. A.15 the SVEA nonlinear wave equation for
the thin sample in the paraxial approximation:

(A.17)

For media with negligible dispersion of the refractive index over the bandwidth of the
pulse we can assume that n0 is the same for the frequency components of the beam. In this
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case we can make a transformation to the moving frame (i.e., traveling at the same speed
as the field through the medium) with the following transformations:

z'=z,

no
t' =t--z.

(A.18)

C

With theses transformations Eq. A.17 simplifies to:

dE(r,t' ,z) - . µocro D (':\
- l - - r N L r,t
oz
2n0

I

)

,Z ,

(A.19)

where t' is a parameter for this propagation equation because no chirp was considered,
such that for every frequency Eq. A.19 as the same expression.
We can drop the vector notations in Eq. A.19 since we can write it for any vector
component. We can separate the amplitude and the phase of the complex electric field

(A.20)

where A and <I> are real functions. ·
For the purpose of this dissertation, only the odd terms in the expansion from Eq. A.6
are of interest (as explained in Chapter 1). If we consider only the first nonlinear terms in
Eq. A.6 that oscillate at the same frequency as the input electric field (i.e., we are
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interested in self-action only) we obtain the third-order nonlinear polarization (including
the linear absorption term) as:

(A.21)

Introducing Eqs. A.20 and A.21 in Eq. A.19 we obtain, after separating the real and
imaginary parts:

(A.22)

a<j>

az

=~Re(x<3))A2.
2noc

,•

(A.23)

These equations give the rate of change of the amplitude and phase of the electric field in a
nonlinear medium with a third-order nonlinear response. We can write Eqs. A.22 and A.
23 in terms of irradiance by using the definition of irradiance / = llo~Eo A 2 and using the

aA 2 = 2AaA

fact that -

az

az

as follows:

(A.24)
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(A.25)

where we used k

=n0 k0 =n0ro I c. Eq. A.24 defines the two-absorption process(~ is the

two-absorption coefficient) and Eq. A.25 defines the optical Kerr effect (n2 is the
nonlinear refractive index). To summarize, the parameters that characterize the absorption
and refraction in a third-order nonlinear medium related to the susceptibility as defined in
Eq. A.6 by:

n0 = ~1 + Re(x <l)),
n2 =

Re(x<3>)
n02 cE 0

,

and
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k
a= _Q_ Im(x (1))
no

(A.25)

APPENDIXB

FORTRAN CODES FOR ESA (5-LEVEL) INCLUDING PULSE TRAIN

This part includes the Fortran codes used to fit the open aperture Z-Scan data
(Appendix B 1), the limiting data (Appendix B2) and the pump-probe data (Appendix B3).
They use a five level system to model the ESA and give the possibility to use a train of
pulses as input.
Each code listing is followed by the input data file (for input parameters) as
follows:
•Z-Scan code: five.for and five.dat
• Limiting code: lim.for and lim.dat_
•Pump-probe code: pp.for and pp.dat
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Appendix Bl
File five.for:
c
c

This program calculates nonlinear absorption in a Z-Scan experiment for 5 level model ESA
*** Arthur Dogariu 1994/1995 ***
real *8 dl,alpha,sigma0,sigma,sigma2,dt,dr ,c,h
real *8 omega,pi,It,al ,a2,ct,as2,at2,ltl 0
real* 8 lambda, w0,rO, tau,tau0,taud,taud2,t0,radius0
real*8 length,rr,rf,z,E,IO,t,r,rz,taus2,b
real* 8 I,dlt,It0,a0,N0,d,sum,div ,Transm,Ii
real*8 Rrz,z0,dl,1,ctp,zmin,zmax,dz,taun,It00,zi,fwhm,tautr
integer jll ,jtl ,sel,jrl ,jl2,jt2,jr2,jt3 ,jr3,n,ntr
integer nt,nr,ns,np,jt,npp
dimension lt(762,202),1(762,202),a0(102,202),a1(102,202)
dimension a2(102,202),as2(102,202),at2(102,202),ctp(102,202)
character* 10 filename
dimension It00(203 ),It 10(203)

c

***********select program************
write(*,*) '*********** S2'
write(*,*) '
I'
write(*,*)' taus2
********** T2'
I'
write(*,*) '
I
write(*,*) '
I
taut2 '
I'
write(*,*)'*********** Sl
write(*,*) '
I
1·•
write(*,*)'
tau0
********** Tl'
write(*,*) '
I'
write(*,*)'*********** 0'
write(*,*) ' '
write(*,*) 'taus2=taut2=0,tau0=infinity (pico pulse) .......... I'
write(*,*) 'taus2=taut2=0 ...................................... 2'
write(*,*) 'taus2=0 ............................................ 3'
write(*,*) 'taut2=0 ..................... ...................... .4'
write(*,*) 'otherwise .......................................... 5'
read(*, *)sel

C

c
c
c
c
c

***********read the data*************
open(2,file='five.dat')
wavelength (cm)
read(2, *) lambda
waist (cm)
read(2,*) w0
pulsewidth (s)
read(2, *) tau
sample thickness (cm)
read(2, *) length
front and rear surface reflectances
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read(2, *) rf,rr
c # of divisions for time integration
read(2, *) div
c # of divisions for radial integration
read(2, *) nr
c # of slices along sample length
read(2, *) ns
c # of points
read(2, *) np
c linear absorption coefficient (11cm)
read(2, *) alpha
c linear absorption cross-section (cm"2)
read(2, *) sigmaO
c Sl-S2 cross section (cm"2)
read(2, *) sigma
c Tl-T2 cross section (cm"2)
read(2, *) sigma2
c S 1 overall lifetime (s)
read(2, *) taud
c Sl-Tl time (s)
read(2, *) taud2
c S2-Sl (excited singlet state lifetime) (s)
read(2, *) taus2
c T2-Tl (excited triplet state lifetime) (s)
read(2, *) taut2
c Energy (J)
read(2,*) E
c Z-scan range (cm)
read(2, *) zmin,zmax
c FWHM of the pulse train (s) and# of pulses in pulse train
read(2, *) fwhm,ntr
close(2)
c

***************constants***************
pi=3.1415927
c=3.0e10
h=6.6262e-34

c

***************definitions*************
rO=w0/1.4142136
t0=3*tau
radiusO= 3 *rO
tau0=taud*taud2/(taud2-taud)
dl=length/ns
z0=pi*(w0**2)/lambda
zmax=lO*zO .
zmin=-lO*zO
dz=(zmax-zmin)/np
omega=2*pi*c/lambda
tautr=fwhm/1.6651
sum=O
write(*,*)'tauO = ',tauO
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5

c
10

c

50

100

do 5 jt= 1,ntr
sum=sum+exp(-(Ut-(ntr+l)/2)*7e-9/tautr)**2)
continue
z=zmin-1 00*z0-dz
b=(sigma2/sigma0- l )/(sigma/sigma0-1 )*taud/taud2
write(*, *)'b = ',b
write(*,*) 'output filename'
read(*, '(A)')filename
open( l ,file=filename)

***************start Z-scan************
if (z .LT. zmax-dz/10) then
z=z+dz
rz=sqrt((w0**2)*(1 +((z/z0)**2)))/1.4142136
dr=radius0/nr*rz/r0
IO=(l.0-rf)/sum*E/(( sqrt(pi**3))*tau*(rz**2))
Rrz=z+(z0* *2)/(z+ l .0e-35)
write(*, *)'IO = ',IO
jll=0
1=0-dl
if (1 .LT. (length-1.1 *dl)) then
l=l+dl
jll=jll+l
do 100 jrl=l,nr+l
alUll,jrl)=0.0
a2u11 ,jrl )=0.o
a0UII,jrl)=alpha/sigma0
as2Ull,jr1)=0.0
at2Ull,jrl)=0.o
ctpUll,jrl)=0.0
continue
goto 50
endif
if (sel
if (sel
if (sel
if (sel

c

.EQ.
.EQ.
.EQ.
.EQ.

2)
3)
4)
5)

goto 552
goto 553
goto 554
goto 555

***picosecond,no tau's***·
nt=div
dt=2*t0/nt
if (z .LT. zmin-dz/10) write(*,*)'# of points for time integration is: ',nt
do 500 jt2=1,nt+l
do 400 jr2= l ,nr+ 1
ItUt2,jr2)=0.o
400 continue
500 continue
taun=-(ntr-1)/2*7.0e-9-7.0e-9
t=-t0+dt
c
*******calc input l(t,r)******
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591
601

c
651

701
801

do 601 jtl=l,nt+ 1
t=t+dt
r=0-dr
do 591 jrl=l,nr+l
r=r+dr
I(jtl ,jrl )=IO*exp(-((t/tau)**2)-((r/rz)**2))
continue
continue
jll=0
1=0.0-dl
************start slicing the sample***
if (1 .LT. length-I. I *dl) then
l=l+dl
jll=jll + 1
do 801 jt2=1,nt+ 1
do 701 jr2= 1,nr+ 1
ct=l(jt2,jr2)/(h*omega/(2*pi))
a0(jl l ,jr2)=a0(jl 1,jr2)-sigma0*a0(jl 1,jr2)*ct*dt
al (jl l ,jr2)=al (jl l ,jr2)+a0(jl l ,jr2)*sigma0*ct*dt
dl=(-a0(jl 1,jr2)*sigma0-al (jll ,jr2)*sigma)*l(jt2,jr2)*dl
I(jt2,jr2)=1(jt2,jr2)+dl
lt(j t2,jr2)=l(jt2,jr2)
continue
continue
go to 651
endif
goto 4500

c
*******taus2=taut2=0 (ntr pulses)***
552 nt=abs(div*tau/min(tau,taud))
dt=2*t0/nt
if (z .LT. zmin-dz/10) write(*,*)'# of points for time integration is: ',nt
do 502 jt2=1,nt+ 1
do 402 jr2= 1,nr+ 1
lt(jt2,jr2)=0.0
402 continue
502 continue
taun=-(ntr-l)/2*7.0e-9-7.0e-9

777

c

do 4002 n= l ,ntr
if (ntr .EQ. 1) goto 777
if (z .LT. zmin-z0) write(*, *)n,' out of ',ntr*2
if (z .GT. zmin-z0) write(*,*)ntr+n,' out of ',ntr*2
t=-t0-dt
taun=taun+7 .0e-9
****************calc input l(t,r)******
do 602 jtl=l,nt+ 1
t=t+dt
r=0-dr
do 592jrl=l,nr+l
r=r+dr
I(jtl ,jrl )=IO*exp(-((t/tau)* *2)-( (taun/tautr)**2)-( (r/rz)**2))
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592
602

continue
continue
jll=0
1=0.0-dl
c
************start slicing the sample***
652 if (1 .LT. length-1.1 *dl) then
l=l+dl
jll=jll+l
do 802jt2=1,nt+l
do 702 jr2= 1,nr+ 1
ct=l(jt2,jr2)/(h*omega/(2*pi))
a0(jl l ,jr2)=a0(jl 1,jr2)+(al (jl l ,jr2)/tau0-sigma0*a0(jll ,jr2)*ct)*dt
if (a0(jll,jr2) .LT. 0) a0(jll,jr2)=0
al (jl l ,jr2)=al (jll ,jr2)+(a0(jll ,jr2)*sigma0*ct-al (jl 1,jr2)/taud)*dt
if (al(jll,jr2) .LT. 0) al(jll,jr2)=0
a2(jl 1,jr2)=a2(jl 1,jr2)+(al (jl 1,jr2)/taud2)*dt
dl=(-a0(jl 1,jr2)*sigma0-al (jl 1,jr2)*sigma-a2(jl 1,jr2)*sigma2)*1(jt2,jr2)*dl
I(jt2,jr2)=1(jt2,jr2)+dl
702 continue
802 continue
if(np .EQ. 1) write(*,*)ns-jll+l
go to 652
endif

902
1002

1102
1202
4002

do 1002jt2=1,nt+l
do 902 jr2= l ,nr+ 1
lt(jt2,jr2)=1t(jt2,jr2)+1(jt2,jr2)
continue
continue
do 1202jl2=1,jll
do 1102jr2=1,nr+l
ctp(j12,jr2)=al (j12,jr2)*( 1- exp(-7 .0e-9/taud) )*taud
al (j12,jr2)=al (jl2,jr2)* exp(-7 .0e-9/taud)
a2(jl2,jr2)=a2(j12,jr2)+ctp(jl2,jr2)/taud2
a0(jl2,jr2)=a0(j12,jr2)+ctp(j12,jr2)/tau0
continue
continue
continue
goto 4500

c
****************taus2=0 (ntr pulses)*******************
553 nt=abs(div*tau/min(tau,taud,taut2))
dt=2*t0/nt
if (z .LT. zmin-dz/10) write(*,*)'# of points for time integration is: ',nt
do 503 jt2=1,nt+l
do 403 jr2= 1,nr+ 1
lt(jt2,jr2)=0.0
403 continue
503 continue
taun=-(ntr-1 )/2*7 .0e-9-7 .0e-9

c

***start pulse train (ntr pulses)***
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do 4003 n=l,ntr
t=-t0-dt
taun=taun+ 7.0e-9
c

****************calc input l(t,r)******
do 603 jtl=l,nt+ 1
t=t+dt
r=0-dr
do 593 jrl=l,nr+l
r=r+dr
I(jt 1,jrl )=IO*exp(-( (t/tau)**2)-( (taun/tautr)**2)-( (r/rz)**2))
593 continue
603 continue
jll=0
1=0.0-dl
c
************start slicing the sample***
653 if (1 .LT. length- I. I *dl) then
l=l+dl
jll=jll+l
do 803 jt2=1,nt+l
do 703 jr2=1,nr+l
ct=l(jt2,jr2)/(h*omega/(2*pi))
a0(jl 1,jr2)=a0(jll ,jr2)+(al (jl 1,jr2)/tau0-sigma0*a0(jl l ,jr2)*ct)*dt
if (a0(jll ,jr2) .LT. 0) a0(jll ,jr2)=0
al (jl 1,jr2)=al (jll ,jr2)+(a0(jll ,jr2)*sigma0*ct-al (jl 1,jr2)/taud)*d~.
if (al(jll,jr2) .LT. 0) al(jll,jr2)=0
a2(jl 1,jr2)=a2(jl l ,jr2)+(al (jl 1,jr2)/taud2-a2(jl l ,jr2)*sigma2 *ct+at2(jl 1,jr2)/taut2)*dt
if (a2(jll,jr2) .LT. 0) a2(jll,jr2)=0
at2(jll ,jr2)=at2(jll ,jr2)+( a2(jl 1,jr2)*sigma2*ct-at2(jl 1,jr2)/taut2)*dt
if (at2(jll,jr2) .LT. 0) at2(jll,jr2)=0
dl=(-a0(jl 1,jr2)*sigma0-al (jl 1,jr2)*sigma-a2(jl l ,jr2)*sigma2)*1(jt2,jr2)*dl
I(jt2,jr2)=1(jt2,jr2)+dl
703 continue
803 continue
go to 653
endif

903
1003

1103
1203
4003

do 1003 jt2=1,nt+l
do 903 jr2=1,nr+l
lt(jt2,jr2)=1t(jt2,jr2)+1(jt2,jr2)
continue
continue
do 1203 jl2=1,jll
do 1103 jr2=1,nr+l
ctp(jl2,jr2)=al(jl2,jr2)*(1- exp(-7.0e-9/taud))*taud
al (jl2,jr2)=al (jl2,jr2)* exp(-7 .0e-9/taud)
a2(j12,jr2)=a2(jl2,jr2)+ctp(jl2,jr2)/taud2+at2(jl2,jr2)*(1-exp(-7e-9/taut2))
a0(j12,jr2)=a0(jl2,jr2)+ctp(jl2,jr2)/tau0
at2(jl2,jr2)=at2(jl2,jr2)*exp(-7e-9/taut2)
continue
continue
continue
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goto 4500
c
*******taut2=0 (ntr pulses)***
554 nt=abs(div*tau/min(tau,taud,taus2))
dt=2*t0/nt
if (z .LT. zmin-dz/10) write(*,*)'# of points for time integration is: ',nt
do 504 jt2=1,nt+l
do 404 jr2= 1,nr+ 1
lt(jt2,jr2)=0.0
404 continue
504 continue
taun=-(ntr-1 )/2*7 .0e-9-7 .0e-9
do 4004 n=l,ntr
t=-t0-dt
taun=taun+ 7.0e-9
c

****************calc input l(t,r)******
do 604 jtl=l,nt+l
t=t+dt
r=0-dr
do 594 jrl=l,nr+l
r=r+dr
I(jt 1,jrl )=IO*exp(-( (t/tau)**2)-((taun/tautr)* *2)-((r/rz)**2))
594 continue
604 continue
jll=0
1=0.0-dl
c
************start slicing the sample***
654 if (1 .LT. length- I. I *dl) then
l=l+dl
jll=jll+l
do 804 jt2=1,nt+l
do 704 jr2= 1,nr+ 1
ct=l(jt2,jr2)/(h*omega/(2*pi))
a0(jl l ,jr2)=a0(jl l ,jr2)+(al(jl l ,jr2)/tau0-sigma0*a0(jll ,jr2)*ct)*dt
if (a0(jll,jr2) .LT. 0) a0(jll,jr2)=0
al (jl l ,jr2)=al (jl l ,jr2)+( a0(jl 1,jr2)*sigma0*ct-al (jl 1,jr2)/taud+as2(jll ,jr2)/taus2-al(jl l ,jr2)
+ *sigma*ct)*dt
if (al(jll,jr2) .LT. 0) al(jll,jr2)=0
a2(jl 1,jr2)=a2(jl 1,jr2)+(al (jl 1,jr2)/taud2)*dt
if (a2(jll,jr2) .LT. 0) a2(jll,jr2)=0
as2(jll ,jr2)=as2(jl l ,jr2)+( al (jl l ,jr2)*sigma*ct-as2(jl 1,jr2)/+ taus2)*dt
if (as2(jll,jr2) .LT. 0) as2(jll,jr2)=0
dl=(-a0(jl l ,jr2)*sigma0-al (jl 1,jr2)*sigma-a2(jl l ,jr2)*sigma2)*1(jt2,jr2)*dl
I(jt2,jr2)=1(jt2,jr2)+dl
704 continue
804 continue
if(np .EQ. 1) write(*,*)ns-jll+l
go to 654
endif
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do 1004 jt2= 1,nt+ 1
do 904 jr2= 1,nr+ 1
lt(jt2,jr2)=1t(jt2,jr2)+1(jt2,jr2)
904 continue
1004 continue
do 1204 jl2=1,jll
do 1104 jr2=1,nr+l
ctp(j12,jr2)=al(jl2,jr2)*(1- exp(-7.0e-9/taud))*taud
al(jl2,jr2)=al(jl2,jr2)* exp(-7.0e-9/taud)+as2(j12,jr2)*taud/(taus2-taud)*(exp(-7e-9/taus2)+ exp(-7e-9/taud))
a2(j12,jr2)=a2(jl2,jr2)+ctp(jl2,jr2)/taud2+as2(jl2,jr2)*taud/(taud2*(taus2-taud))*(taus2*(1+ exp(-7e-9/taus2))-taud*(l-exp(-7e-9/taud)))
a0(j12,jr2)=a0(j12,jr2)+ctp(j12,jr2)/tau0+as2(jl2,jr2)*taud/(tau0*( taus2-taud) )*( taus2 *( 1+ exp(-7e-9/taus2))-taud*(l-exp(-7e-9/taud)))
as2(j12,jr2)=as2(jl2,jr2)*exp(-7e-9/taus2)
1104 continue
1204 continue
4004 continue
goto 4500

c
******* (ntr pulses)***
555 nt=abs(div*tau/min(tau,taud,taus2,taut2))
dt=2*t0/nt
if (z .LT. zmin-dz/10) write(*,*)'# of points for time integration is: ',nt
do 505 jt2=1,nt+l
do 405 jr2=1,nr+l
lt(jt2,jr2)=0.0
405 continue
505 continue
taun=-(ntr-1 )/2*7 .0e-9-7.0e-9
do 4005 n= l ,ntr
t=-t0-dt
taun=taun+7 .0e-9
c

****************calc input l(t,r)******
do 605 jtl=l,nt+l
t=t+dt
r=0-dr
do 595 jrl=l,nr+l
r=r+dr
I(jt 1,jr 1)=IO*exp(-((t/tau)**2)-( (taun/tautr)**2)-( (r/rz)**2))
595 continue
605 continue
jll=0
1=0.0-dl
C

655

************start slicing the sample***
if (1 .LT. length- I. I *dl) then
l=l+dl
jll=jll + 1
do 805 jt2=1,nt+l
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do 705 jr2= 1,nr+ 1
ct=l(jt2,jr2)/(h*omega/(2*pi))
a0(jl l ,jr2)=a0(jl 1,jr2)+(al (jll ,jr2)/tau0- sigma0*a0(jll ,jr2)*ct)*dt
if (a0(jll,jr2) .LT. 0) a0(jll,jr2)=0
al (jl l ,jr2)=al (jl 1,jr2)+( a0(jll ,jr2)*sigma0*ct-al (jl 1,jr2)/taud+as2(jl l ,jr2)/taus2-al(jl l ,jr2)
+ *sigma*ct)*dt
if (al(jll,jr2) .LT. 0) al(jll,jr2)=0
a2(jl l ,jr2)=a2(jl 1,jr2)+(al (jl 1,jr2)/taud2-a2(jl 1,jr2)*sigma2*ct+at2(jl l ,jr2)/taut2)*dt
if (a2(jll,jr2) .LT. 0) a2(jll ,jr2)=0
as2(jl 1,jr2)=as2(jl 1,jr2)+(al (jl l ,jr2)*sigma*ct-as2(jl l ,jr2)/taus2)*dt
if (as2(jll,jr2) .LT. 0) as2(jll,jr2)=0
at2(jl 1,jr2)=at2(jl l ,jr2)+(a2(jl l ,jr2)*sigma2 *ct-at2(jl 1,jr2)/taut2)*dt
if (at2(jll ,jr2) .LT. 0) at2(jll ,jr2)=0
dl=(-a0(jl l ,jr2)*sigma0-al (jl l ,jr2)*sigma-a2(jl 1,jr2)*sigma2)*1(jt2,jr2)*dl
I(jt2,jr2)=1(jt2,jr2)+dl
705 continue
805 continue
go to 655
endif
do 1005 jt2=1,nt+l
do 905 jr2= 1,nr+ 1
lt(jt2,jr2)=1t(jt2,jr2)+I(jt2,jr2)
905 continue
1005 continue
do 1205 jl2=1,jll
do 1105 jr2=1,nr+l
ctp(jl2,jr2)=al(jl2,jr2)*(1- exp(-7.0e-9/taud))*taud
al (j12,jr2)=al (jl2,jr2)* exp(-7:0e-9/taud)+as2(jl2,jr2)*taud/(taus2-taud)*(exp(-7e-9/taus2)+ exp(-7e-9/taud))
a2(j 12,jr2)=a2(j 12,jr2)+ctp(j 12,jr2)/taud2+as2(jl2,jr2)*taud/( taud2 *(taus2-taud)) *(taus2 *( 1+ exp(-7e-9/taus2))-taud*(l-exp(-7e-9/taud)))+at2(j12,jr2)*(1-exp(-7e-9/taut2))
aO(jl2,jr2)=a0(jl2,jr2)+ctp(jl2,jr2)/tau0+as2(j12,jr2)*taud/(tau0*(taus2-taud))*(taus2*(1+ exp(-7e-9/taus2))-taud*(l-exp(-7e-9/taud)))
as2(jl2,jr2)=as2(jl2,jr2)*exp(-7e-9/taus2)
at2(jl2,jr2)=at2(jl2,jr2)*exp(-7e-9/taut2)
1105 continue
1205 continue
4005 continue

4500

It0=0.0
t=-t0-dt
do 6000 jt3=1,nt+l
t=t+dt
r=-dr
do 5000 jr3=1,nr+l
r=r+dr
dlt=( 1-rr)*(lt(jt3,jr3)+1t(jt3,jr3+ 1) )*pi *abs(r+0.5*dr)*dr*dt
It0=dlt+lt0

5000
6000

continue
continue
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8900
9000

if (z .LT. zmin- lO*z0) then
zi=z
Ii=It0
write(*,*)'zi= ',lO*zi
z=zmin-dz
if (np .EQ. 1) z=0-dz
goto 10
endif
Transm=It0/Ii
write(*, *)z* 10,Transm
write(l,*) z*lO,Transm
if (np .EQ. 1) goto 8900
npp=npp+l
write(*, *)'point# ',npp
goto 10
endif
write(*, *)'linear output' ,Ii
close(!)
stop
end

File five.dat (input data for SiNc):
0.532e-4 = lambda
19.0e-4 = w0
17. 00e-12 = tau
0.1 = length
0.0362 0.0362 = front and rear reflections
150 = div
150 = nr
100 = ns
1 = np
4. = alpha
SiNc
2.80e-18 = sigma0
4.00e-17 = sigma
8.6e-17 = sigma2
4.5e-9 = taud
12.86e-9 = taud2
0.3e-12 = taus2
8.00e-12 = taut2
0.1513e-6 = E
-2.4 2.4 = zmin,zmax
42e-9 1 = fwhm,ntr
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Appendix B2

File lim.for:

c
c

This program calculates the limiting curves for ESA 5-level
***Arthur Dogariu 1995***
real dl,alpha,sigmaO,sigma,sigma2,nO,dt,dr,c,h,omega,pi,It,aO,al ,a2,ct,as2,at2
real lambda, wO,rO, tau, tau 0, taud,taud2, tO,radiusO,length,rr ,rf,z,E,IO, t,r ,rz,taus2, taud2
real Rrz,zO,dl,l,ctp,Emin,Emax,Ez,taun,ItOO,fwhm,tautr,sum,g,np
integer jl l ,jtl ,sel,jrl ,j12,jt2,jr2,jt3,jr3,n,nt,nr,ns,div ,ntr,jt
dimension It( 202,402),I(202,402),a0(202,402),a1(202,402),a2(202,402),as2(202,402)
dimmension at2(202,402),ctp(202,402)
real I,dlt,ItO,aO,NO,It
implicit double precision (a-z)
character* 10 filename
dimension lt00(103)

c

***********select program************
write(*,*)'*********** S2'
write(*,*) '
I'
write(*,*)' taus2
********** T2'
I
I'
write(*,*) '
write(*,*) '
I
taut2 '
write(*,*)'*********** S1
I'
write(*,*)'
I
I'
write(*,*)'
tauO
********** Tl'
write(*,*) '
I'
write(*,*) '*********** O'
write(*,*) ' '
write(*,*) 'taus2=taut2=0,tau0=infinity (pico pulse) ............ I'
write(*,*) 'taus2=taut2=0 ........................................ 2'
write(*,*) 'taus2=0 .............................................. 3'
write(*,*) 'taut2=0 ............................................. .4'
write(*,*) 'otherwise ............................................ 5'
read(*, *)sel

C

c
c
c
c
c

* ** ********read the data*************
open(2,file= 'lim.dat')
wavelength (cm)
read(2, *) lambda
waist (cm)
read(2,*) wO
pulsewidth (s)
read(2, *) tau
sample thickness (cm)
read(2, *) length
front and rear surface reflectances
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c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c

read(2, *) rf,rr
# of divisions for time integration
read(2, *) div
# of divisions for radial integration
read(2, *) nr
# of slices along sample length
read(2, *) ns
# of points
read(2, *) np
linear absorption coefficient (11cm)
read(2, *) alpha
linear absorption cross-section (cm"'2)
read(2, *) sigmaO
Sl-S2 cross section (cm"'2)
read(2, *) sigma
Tl-T2 cross section (cm"'2)
read(2, *) sigma2
S 1 overall lifetime (s)
read(2, *) taud
Sl-Tl time (s)
read(2, *) taud2
S2-Sl (excited singlet state lifetime) (s)
read(2, *) taus2
T2-Tl (excited triplet state lifetime) (s)
read(2, *) taut2
refr. index
read(2, *) nO
Energy (J)
read(2, *) Emin,Emax
z position (cm)
read(2,*) z
FWHM of the pulse train (s) and# of pulses in pulse train
read(2, *) fwhm,ntr
close(2)
***************constants***************
pi=3.14159
c=3.0e10
h=6.63e-34

c

***************definitions*************
rO=w0/1.4159
t0=3*tau
radiusO= 3*r0
tauO=taud *taud2/( taud2-taud)
dl=length/ns
g=(Emax/Emin)**(l/np)
z0=pi*(w0**2)/lambda
omega=2 *pi *c/lambda
tautr=fwhm/1.6651
sum=O
do 5 jt=l,ntr
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5

c
10

50

100

c

sum=sum+exp(-((jt-(ntr+l)/2)*7e-9/tautr)**2)
continue
E=Emin/g
write(*, *)'g = ',g
write(*,*) 'output filename'
read(* ,'(A)')filename
open( l ,file=filename)
***************start E-scan************
if (E .LT. Emax) then
E=E*g
rz= sqrt((w0**2)*(1 +((z/z0)**2)))/l.4159
dr=radi us0/nr*rz/r0
l0=(1.0-rf)/sum*E/(( sqrt(pi**3))*tau*(rz**2))
Rrz=z+(z0**2)/(z+ l .0e-35)
jll=0
1=0-dl
if (l .LT. (length-1.1 *dl)) then
l=l+dl
jll=jll+l
do 100 jrl = 1,nr+ 1
al(jll,jrl)=0.0
a2(jll,jr1)=0.0
a0(jl l ,jrl )=alpha/sigma0
as2(jll ,jr1)=0.0
at2(jll,jr1)=0.0
ctp(jll ,jrl )=0.0
continue
goto 50
endif
if (sel .EQ. 2) goto 552
if (sel .EQ. 3) goto 553
if (sel .EQ. 4) goto 554
if (sel .EQ. 5) goto 555

***picosecond,no tau's***
nt=div
dt=2*t0/nt
if (E .LT. Emin*sqrt(g)) write(*,*)'# of points for time integration is: ',abs(nt)
do 500 jt2=1,nt+l
do 400 jr2= l ,nr+ 1
I(jt2,jr2)=0.0
400 continue
500 continue
taun=-(ntr-l)/2*-7.0e-9-7.0e-9
t=-t0+dt
c
*******calc input l(t,r)******
do 601 jtl=l,nt+l
t=t+dt
r=0-dr
do 591 jrl=l,nr+l
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591
601

c
651

701
801

r=r+dr
IUtl ,jrl )=IO*exp(-( (t/tau)**2)-( (r/rz)**2))
continue
continue
jll=0
1=0.0-dl
************start slicing the sample***
if (I .LT. length-1.1 *dl) then
l=l+dl
jll=jll + 1
do 801 jt2= 1,nt+ 1
do 701 jr2= 1,nr+ 1
ct=1Ut2,jr2)/(h*omega/(2*pi))
a0Ul 1,jr2)=a0Ul 1,jr2)-sigma0*a0Ul 1,jr2)*ct*dt
if (a0U11,jr2) .LT. 0) a0U11,jr2)=0
al Ul 1,jr2)=al Ul 1,jr2)+a0Ul l ,jr2)*sigma0*ct*dt
dl=(-a0Ul 1,jr2)*sigma0-al Ul 1,jr2)*sigma)*IUt2,jr2)*dl
IUt2,jr2)=1Ut2,jr2)+dl
continue
continue
go to 651
endif
goto 4500

c
*******taus2=taut2=0 (ntr pulses)***
552
nt=div*tau/min(tau,taud)
dt=2*t0/nt
if (E .LT. Emin*g) write(*,*)'# of points for time integration is: ',abs(nt)
do 502jt2=1,nt+l
do 402 jr2=1,nr+l
ItUt2,jr2)=0.o
402 continue
502 continue
taun=-(ntr-1)/2*7.0e-9-7.0e-9
do 4002 n=l,ntr
t=-t0-dt
taun=taun+7. 0e-9
c

****************calc input l(t,r)******
do 602jtl=l,nt+l
t=t+dt
r=0-dr
do 592 jrl=l,nr+l
r=r+dr
IUt 1,jrl )=IO*exp(-((t/tau)**2)-( (taun/tautr)**2)-((r/rz)**2))
592 continue
602 continue
jll=0
1=0.0-dl
c
************start slicing the sample***
652 if (1 .LT. length-1.1 *dl) then
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702
802

l=l+dl
jll=jll+l
do 802jt2=1,nt+l
do 702 jr2= 1,nr+ 1
ct=l(jt2,jr2)/(h*omega/(2*pi))
a0(jl 1,jr2)=a0(jl l ,jr2)+(al (jl 1,jr2)/tau0-sigma0*a0(jll ,jr2)*ct)*dt
if (a0(jll ,jr2) .LT. 0) a0(jll ,jr2)=0
al (jl 1,jr2)=al (jl 1,jr2)+( a0(jl 1,jr2)*sigma0*ct-al (jl 1,jr2)/taud)*dt
if (al(jll,jr2) .LT. 0) al(jll,jr2)=0
a2(jl 1,jr2)=a2(jl 1,jr2)+(al (jl 1,jr2)/taud2)*dt
dl=(-a0(jl l ,jr2)*sigma0-al (jl l ,jr2)*sigma-a2(jl l ,jr2)*sigma2)*I(jt2,jr2)*dl
I(jt2,jr2)=l(jt2,jr2)+dl
continue
continue
go to 652
endif

do 1002jt2=1,nt+l
do 902 jr2= l ,nr+ 1
It(jt2,jr2)=It(jt2,jr2)+I(jt2,jr2)
902 continue
1002 continue
c

1102
1202
4002

write(*, *)l(nt/2, l),lt(nt/2, 1)
do 1202 jl2=1,jll
do 1102 jr2=1,nr+l
ctp(j12,jr2)=al (jl2,jr2)*(1- exp(-7 .0e-9/taud) )*taud
al (jl2,jr2)=al (j12,jr2)* exp(-7 .0e-9/taud)
a2(jl 2,jr2 )=a2(j 12,jr2)+ctp(j 12,jr2)/taud2
a0(j12,jr2)=a0(j12,jr2)+ctp(jl2,jr2)/tau0
continue
continue
continue
goto 4500

c
****************taus2=0 (ntr pulses)*******************
553 nt=div*tau/min(tau,taud,taut2)
dt=2*t0/nt
if (E .LT. Emin*g) write(*,*)'# of points for time integration is: ',abs(nt)
do 503 jt2=1,nt+l
do 403 jr2= 1,nr+ 1
It(jt2,jr2)=0.0
403 continue
503 continue
taun=-(ntr-1)/2*7.0e-9-7 .0e-9

c

***start pulse train (ntr pulses)***
do 4003 n= l ,ntr
t=-t0-dt
taun=taun+7 .0e-9

c

****************calc input l(t,r)******
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593
603

do 603 jtl=l,nt+ 1
t=t+dt
r=0-dr
do 593 jrl=l,nr+l
r=r+dr
IUtl ,jrl )=IO*exp(-( (t/tau)**2)-( (taun/tautr)**2)-((r/rz)**2))
continue
continue
jll=0
1=0.0-dl

c
************start slicing the sample***
653 if (1 .LT. length-I. I *di) then
l=l+dl
jll=jll+l
do 803 jt2=1,nt+l
do 703 jr2= 1,nr+ 1
ct=IUt2,jr2)/(h*omega/(2*pi))
a0UI 1,jr2)=a0UI 1,jr2)+(al UI 1,jr2)/tau0-sigma0* a0Ull ,jr2)*ct)*dt
if (a0Ull ,jr2) .LT. 0) a0Ull ,jr2)=0
al UI l ,jr2)=al UI 1,jr2)+( a0UI 1,jr2)*sigma0*ct-al UI l ,jr2)/taud)*dt
if (a1Ull,jr2) .LT. 0) a1Ull,jr2)=0
a2Ull,jr2)=a2Ull,jr2)+(a1Ull,jr2)/taud2- a2Ull,jr2)*sigma2*ct+at2Ull,jr2)/taut2)*dt
if (a2Ull,jr2) .LT. 0) a2Ull,jr2)=0
at2Ull,jr2)=at2Ull,jr2)+( a2Ull,jr2)*sigma2*ct-at2Ull,jr2)/taut2)*dt
if (at2Ull,jr2) .LT. 0) at2Ull,jr2)=0
dl=(-a0Ul l ,jr2)*sigma0-al UI 1,jr2)*sigma-a2UI 1,jr2)*sigma2)*IUt2,jr2)*dl
IUt2jr2)=IUt2jr2)+dI
703 continue
803 continue
go to 653
endif

903
1003

1103
1203
4003

do 1003 jt2=1,nt+l
do 903 jr2= l ,nr+ 1
ItUt2,jr2)=ItUt2,jr2)+IUt2,jr2)
continue
continue
do 1203 jl2=1,jll
do 1103 jr2=1,nr+ 1
ctpU12,jr2)=al UI2,jr2)*( 1- exp(-7 .0e-9/taud))*taud
al U12,jr2)=al UI2,jr2)* exp(-7 .0e-9/taud)
a2UI2,jr2)=a2Ul2,jr2)+ctpU12,jr2)/taud2+at2UI2,jr2)*( I -exp( -7e-9/taut2))
a0U12,jr2)=a0UI2,jr2)+ctpU12,jr2)/tau0
at2UI2,jr2)=at2UI2,jr2)*exp(-7e-9/taut2)
continue
continue
continue
goto 4500

c
*******taut2=0 (ntr pulses)***
554 nt=div*tau/min(tau,taud,taus2)
dt=2*t0/nt
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if (E .LT. Emin *g) write(*,*)'# of points for time integration is: ',abs(nt)
do 504 jt2=1,nt+l
do 404 jr2= 1,nr+ I
ItUt2,jr2)=0.0
404 continue
504 continue
taun=-(ntr-1)/2*7.0e-9-7 .0e-9
do 4004 n=l,ntr
t=-t0-dt
taun=taun+7 .0e-9
c

****************calc input l(t,r)******
do 604 jtl=l,nt+l
t=t+dt
r=0-dr
do 594 jrl=l,nr+l
r=r+dr
IUt l ,jrl )=IO*exp(-( (t/tau)**2)-( (taun/tautr)**2)-( (r/rz)**2))
594 continue
604 continue
jll=0
1=0.0-dl
c
************start slicing the sample***
654 if (1 .LT. length-I. I *dl) then
l=l+dl
jll=jll+l
do 804 jt2=1,nt+l
do 704 jr2= l ,nr+ 1
ct=IUt2,jr2)/(h*omega/(2*pi))
a0Ull,jr2)=a0Ull,jr2)+(alUII,jr2)/tau0-sigma0*a0U11,jr2)*ct)*dt
if (a0U11,jr2) .LT. 0) a0Ull,jr2)=0
al Ul 1,jr2)=al Ul l ,jr2)+( a0Ull ,jr2)*sigma0*ct-al Ul l ,jr2)/taud+as2Ul l ,jr2)/taus2-al Ul l ,jr2)*
sigma*ct)*dt
if (a1Ull,jr2) .LT. 0) a1Ull,jr2)=0
a2Ul 1,jr2)=a2Ull ,jr2)+(al Ul 1,jr2)/taud2)*dt
if (a2Ull,jr2) .LT. 0) a2Ull,jr2)=0
as2Ull ,jr2)=as2UI 1,jr2)+( al
,jr2)*sigma*ct-as2UI l ,jr2)/taus2)*dt
if (as2Ull,jr2) .LT. 0) as2Ull,jr2)=0
dl=(-a0UI 1,jr2)*sigma0-al Ul l ,jr2)*sigma-a2Ul 1,jr2)*sigma2)*1Ut2,jr2)*dl
IUt2,jr2)=1Ut2,jr2)+dl
704 continue
804 continue
go to 654
endif

un

do 1004 jt2=1,nt+l
do 904 jr2= 1,nr+ 1
ItUt2,jr2)=1tUt2,jr2)+IUt2,jr2)
904 continue
1004 continue
do 1204 jl2=1,jll
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do 1104 jr2=1,nr+l
ctp(jl2,jr2)=al(jl2,jr2)*(1- exp(-7 .0e-9/taud))*taud
al (jl2,jr2)=al (jl2,jr2)* exp(-7 .0e-9/taud)+as2(jl2,jr2)*taud/(taus2-taud)*(exp(-7 e-9/taus2)-exp(7 e-9/taud))
a2(jl2,jr2)=a2(jl2,jr2)+ctp(jl2,jr2)/taud2+as2(jl2,jr2)*taud/(taud2*(taus2-taud))*(taus2*(1-exp(7e-9/taus2))-taud*(l-exp(-7e-9/taud)))
a0(j12,jr2)=a0(jl2,jr2 )+ctp(jl2,jr2)/tau0+as2(j12,jr2)*taud/(tau0*( taus2-taud) )*( taus2 *( 1-exp(-7 e9/taus2))-taud *( 1-exp(-7e-9/taud)))
as2(j12,jr2)=as2(j12,jr2)*exp(-7e-9/taus2)
1104 continue
1204 continue
4004 continue
goto 4500

c
******* (ntr pulses)***
555 nt=div*tau/min(tau,taud,taus2,taut2)
dt=2*t0/nt
if (E .LT. Emin*g) write(*,*)'# of points for time integration is: ',abs(nt)
do 505 jt2=1,nt+l
do 405 jr2= l ,nr+ 1
lt(jt2,jr2)=0.0
405 continue
505 continue
taun=-(ntr-1 )/2*7 .0e-9-7 .0e-9
do 4005 n=l,ntr
t=-t0-dt
taun=taun+ 7. 0e-9
c

****************calc input l(t,r)******
do 605 jtl=l,nt+l
t=t+dt
r=0-dr
do 595 jrl=l,nr+l
r=r+dr
I(jtl,jrl)=IO*exp(-((t/tau)**2)-((taun/tautr)**2)-((r/rz)**2))
595 continue
605 continue
jll=0
1=0.0-dl
c
************start slicing the sample***
655 if (I .LT. length-1.1 *dl) then
l=l+dl
jll=jll + 1
do 805 jt2= 1,nt+ 1
do 705 jr2= 1,nr+ 1
ct=l(jt2,jr2)/(h*omega/(2*pi))
a0(jl l ,jr2)=a0(jll ,jr2)+(al (jll ,jr2)/tau0-sigma0*a0(jl 1,jr2)*ct)*dt
if (a0(jll ,jr2) .LT. 0) a0(jll ,jr2~=0 .
. .
. .
. . *
al (jl l ,jr2)=al (jl 1,jr2)+( a0(jll ,Jr2)*s1gma0*ct-al (jl l ,Jr2)/taud+as2(jl l ,Jr2)/taus2-al (jl 1,Jr2)
sigma*ct)*dt
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705
805

if (a1Ull,jr2) .LT. 0) a1Ull,jr2)=0
a2Ul 1,jr2)=a2Ul 1,jr2)+(al Ul 1,jr2)/taud2-a2Ul 1,jr2)*sigma2*ct+at2Ul 1,jr2)/taut2)*dt
if (a2Ull,jr2) .LT. 0) a2Ull,jr2)=0
as2Ull ,jr2)=as2Ul 1,jr2)+(al Ul 1,jr2)*sigma*ct-as2Ul l ,jr2)/taus2)*dt
if (as2Ull ,jr2) .LT. 0) as2Ull ,jr2)=0
at2Ul 1,jr2)=at2Ul 1,jr2)+(a2Ul l ,jr2)*sigma2*ct-at2Ul l ,jr2)/taut2)*dt
if (at2Ull ,jr2) .LT. 0) at2Ull ,jr2)=0
dl=(-a0UI l ,jr2)*sigma0-al Ul l ,jr2)*sigma-a2Ul 1,jr2)*sigma2)*1Ut2,jr2)*dl
1Ut2,jr2)=1Ut2,jr2)+dl
continue
continue
go to 655
endif

do 1005 jt2=1,nt+l
do 905 jr2= 1,nr+ 1
ItUt2,jr2)=1tUt2,jr2)+1Ut2,jr2)
905 continue
1005 continue
do 1205 jl2=1,jll
do 1105 jr2= 1,nr+ 1
ctpU12,jr2)=al Ul2,jr2)*(1- exp(-7 .0e-9/taud) )*taud
al U12,jr2)=al Ul2,jr2)* exp(-7 .0e-9/taud)+as2U12,jr2)*taud/(taus2-taud)*(exp(-7e-9/taus2)-exp(7e-9/taud))
a2Ul2,jr2)=a2Ul2,jr2)+ctpU12,jr2)/taud2+as2Ul2,jr2)*taud/( taud2 *.(taus2-taud) )*( taus2 *( l -exp(7 e-9/taus2) )-taud*(l-exp(-7e-9/taud)))+at2U12,jr2)*(1-exp(-7e-9/taut2))
a0U12,jr2)=a0U12,jr2)+ctpU12,jr2)/tau0+as2U12,jr2)*taud/(tau0*(taus2-taud))*(taus2*(1-exp(-7e9/taus2))-taud*(l-exp(-7e-9/taud)))
as2U12,jr2)=as2U12,jr2)*exp(-7e-9/taus2)
at2Ul2,jr2)=at2U12,jr2)*exp(-7e-9/taut2)
1105 continue
1205 continue
4005 continue

4500

lt0=0.0
t=-t0-dt
do 6000 jt3=1,nt+l
t=t+dt
r=-dr
do 5000 jr3=1,nr+l
r=r+dr
dlt=( 1-rr)*(ItUt3,jr3)+1tUt3 ,jr3+ 1))*pi *abs(r+0.5*dr)*dr*dt
lt0=dlt+lt0

5000
6000

continue
continue
lt00(E)=lt0
write(*, *)E* 1e6,lt00(E)* 1e6
write( 1, *)E* 1e6,lt00(E)* 1e6
goto 10
endif
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9000

close(!)
stop
end

The following is the data file lim.dat for
0.532e-4 = lambda
19.0e-4 = w0
17e-12 = tau
0.1 = length
0.0362 0.0362 = front and rear reflections
150 = div
150 = nr
100 = ns
100 = np
4.0 = alpha
2. 8e- l 8 = sigma0
4e-17 = sigma
5.00e-17 =sigma2
3.15e-9 = taud
16.00e-9 = taud2
0.80e-12 = taus2
8.00e-12 = taut2
1.47
= no
l .000e-9 2.000e-7 = Emin,Emax
0

=z

42e-9 1 = fwhm,ntr
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Appendix B3

File pp.for:
c
c

This program calculates the pump probe curves assuming nonlinear absorption for a 5 level model
*** Arthur Dogariu 1995 ***
real *8 dl,alpha,sigma0,sigma,sigma2,dt,dr ,c,h
real*8 omega,pi,al,a2,ct,as2,at2,taut,ratio
real *8 lambda, w0,r0,tau,taus,taut2,t0,radius0
real* 8 length,rr,rf,E,IO, t,r, taus2,Ip0,Ep0
real *8 l,dlt,It0,a0,div ,n0,n l ,n2,Ip,phi
real*8 tdel,dtdel,tdelmin,tdelmax
real* 8 dl,1,ctp,lt00,ddt
integer jl 1,jtl ,jrl ,jt2,jr2,jt3,jr3,jdel
integer nt,nr,ns,np,jtp,jtpmax,npl
dimension lp(362,202),1(362,202),n0( 102,202),n 1(102,202)
dimension n2( 102,202),aa0(202),aal (202),aa2(202)
character* 10 filename

c

***********select program************
write(*,*)'*********** S2'
write(*,*) '
I'
write(*,*) ' sigmal
********** T2'
write(*,*) '
I
I'
write(*,*) '
I
sigma2 '
write(*,*)'*********** Sl · I'
write(*,*) '
I
I'
write(*,*)' sigma0
**********Tl'
write(*,*) '
I
- tauT'
I
write(*,*) '
write(*,*)'*********** 0'
write(*,*) ' '

c
c
c
c
c
c
c
c

***********read the data*************
open(2,file='pp.dat')
wavelength (cm)
read(2, *) lambda
waist (cm)
read(2, *) w0
pulsewidth (s)
read(2, *) tau
sample thickness (cm)
read(2, *) length
front and rear surface reflectances
read(2, *) rf,rr
# of divisions for time integration
read(2, *) div
# of divisions for radial integration
read(2, *) nr
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c # of slices along sample length
read(2, *) ns
c # of points short delay and long delay
read(2, *) np,np 1
c linear absorption coefficient ( 1/cm)
read(2, *) alpha
c linear absorption cross-section (cmA2)
read(2, *) sigma0
c Sl-S2 cross section (cmA2)
read(2, *) sigma
c Tl-T2 cross section (cmA2)
read(2, *) sigma2
c S 1 overall lifetime (s)
read(2, *) taus
c Tl overall lifetime (s)
read(2, *) taut
c triplet yield
read(2, *) phi
c S2-S 1 (excited singlet state lifetime) (s)
read(2, *) taus2
c T2-Tl (excited triplet state lifetime) (s)
read(2, *) taut2
c Pump Energy (J)
read(2,*) E
c Time delay range (ps)
read(2, *) tdelmin,tdelmax
close(2)
c

** * ************constants***************
pi=3.1415927
c=3.0e10
h=6.6262e-34

c

c

***************definitions*************
r0=w0/1.4142136
t0=3*tau
radius0=3*r0
dl=length/ns
omega=2 *pi *c/lambda
write(*,*) 'output filename'
read(*, '(A)')filename
open( l ,file=filename)
open(3 ,file='n.out')
*******taus2=taut2=0 ***
nt=abs(div*tau/min(tau,taus))
write(*, *)'nt = ',nt
dt=2*t0/nt
write(*, *)'nt = ',nt
ratio=500.0
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c

dr=radi us0/nr
IO=(l.0-rt)*E/(( sqrt(pi**3))*tau*(r0**2))
Ip0=IO/ratio
write(*, *)'IO= ', IO
Ep0=E*( 1.0-rt)*( 1.0-rr)*exp(-alpha*length)/ratio
Ep0=E*(l .0-rf)*(l .0-rr)/ratio

c

***************start Time-scan************
dtdel=2*t0/np
tdel=-t0-dtdel
562 if (tdel .LT. tO) then
tdel=tdel+dtdel
jdel=int(tdel/dt)

c

592
602

t=-t0-dt
****************calc pump input l(t,r)******
do 602 jtl=l ,nt+ 1
t=t+dt
r=0-dr
do 592jrl=l,nr+l
r=r+dr
l(jtl ,jrl)=IO*exp(-((t/tau)**2)-((r/r0)**2))
lp(jtl ,jrl )=lp0*exp(-((t/tau)**2)-( (r/r0)**2))
continue
continue

jll=0
1=0.0-dl
write(*,*)'tdel = ',tdel,' jdel = ',jdel
c
************start slicing the sample***
652 if (1 .LT. length-1.1 *di) then
l=l+dl
jll=jll+l
do 682 jt2=1,nt+ 1
do 692 jr2= l ,nr+ 1
n0(jt2,jr2)=alpha
n 1(jt2,jr2)=0.0
n2(jt2,jr2)=0.0
692 continue
682 continue
do 802 jr2= 1,nr+ 1
a0=alpha
al=0.0
a2=0.0
as2=0.0
at2=0.0
ctp=0.0
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do 702 jt2= 1,nt+ I
jtp=jt2-jdel
ct=IGt2,jr2)/(h *omega/(2 *pi) )*sigma0
a0=a0+(al/taus*(l-phi)-a0*ct+a2/taut)*dt
if (a0 .LT. 0) a0=0
al=al +(a0*ct-al/taus)*dt
if (al .LT. 0) al=0
a2=a2+(al/taus*phi-a2/taut)*dt
dl=(-a0-al *sigma/sigma0-a2*sigma2/sigma0)*1Gt2,jr2)*dl
IGt2,jr2)=1Gt2,jr2)+dl
c

short delay
if Gtp .GT. I) then
if Gtp .LT. nt+l) then
n0Qtp,jr2)=a0
n1Qtp,jr2)=al
n2Qtp,jr2)=a2
endif
endif

702 continue
aa0Gr2)=a0
aa1Gr2)=al
aa2Gr2)=a2
jtpmax=jtp
dj=0
do 722 jt2=jtpmax,nt+l
dj=dj+l
n0Gt2,jr2)=a0+al *(l-exp(-dj*dt/taus)-phi/(l-taus/taut)*(exp(-dj*dt/taut)-exp(-dj*dt/taus)))+a2* dj*dt
/taut
n1Gt2,jr2)=al *exp(-dj*dt/taus)
n2Gt2,jr2)=a2+al *phi/( I-taus/taut)*(exp(-dj *dt/taut)-exp(-dj *dt/taus))
722 continue
802 continue
dlp=0.0
do 852 jr2= 1,nr+ I
do 752jt2=1,nt+l
dlp=(-n0Ut2,jr2)-n1Ut2,jr2)*sigma/sigma0-n2Gt2,jr2)*sigma2/sigma0)*1pGt2,jr2)*dl
IpQt2,jr2)=1pGt2,jr2)+dlp
752 continue
852 continue
goto 652
endif
4500 lt0=0.0
t=-t0-dt
do 6000 jt3=1,nt+l
t=t+dt
r=-dr
do 5000 jr3=1,nr+l
r=r+dr
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dlt=( 1-rr)*(lp(jt3,jr3)+Ip(jt3,jr3+ 1))*pi *abs(r+0.5*dr)*dr*dt
It0=dlt+It0
5000 continue
6000 continue
write(*, *)tdel/1 e-12,ItO/Ep0
write( 1, *)tdel/1 e-12,ItO/Ep0
goto 562
endif

c

**** tdel > t0 *****

8000 write(*,*)' start long delay!!!'
dtdel=tdelmax/np 1
tdel=2 *tO-dtdel
1562 if (tdel .LT. tdelmax+2*t0) then
tdel=tdel+dtdel
ddt=tdel-2*t0
jll=0
1=0.0-dl
write(*, *)'tdel = ',tdel
t=-tO-dt
do 1602jtl=l,nt+l
t=t+dt
r=0-dr
do 1592jrl=l,nr+l
r=r+dr
lp(jtl ,jrl )=lp0*exp(-( (t/tau)**2)-((r/r0)**2))
1592 continue
1602 continue
c
************start slicing the sample***
1652 if (1 .LT. length-1.1 *dl) then
l=l+dl
jll=jll+l
dlp=0.0
do 1852 jr2=1,nr+ 1
dj=0
do 1752jt2=1,nt+l
dj=dj+l
n0(jt2,jr2)=aa0(jr2)+aal (jr2)*(1-exp(-(ddt+dj*dt)/taus)-phi/(1-taus/taut)*(exp(-(ddt+dj*dt)/taut)-exp((ddt+dj*dt)/taus)))+aa2(jr2)*(ddt+dj*dt)/taut
nl (jt2,jr2)=aal (jr2)*exp(-(ddt+dj*dt)/taus)
n2(jt2,jr2)=aa2(jr2)+aal (jr2)*phi/(1-taus/taut)*(exp(-( ddt+dj *dt)/taut)-exp(-(ddt +dj *dt)/taus))

dlp=(-n0(jt2,jr2)-nl(jt2,jr2)*sigma/sigma0-n2(jt2,jr2)*sigma2/sigma0)*lp(jt2,jr2)*dl
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Ip(jt2,jr2)=1p(jt2,jr2)+dlp
1752 continue
1852 continue
goto 1652
endif
lt0=0.0
t=-t0-dt
do 6002 jt3= 1,nt+ 1
t=t+dt
r=-dr
do 5002 jr3=1,nr+l
r=r+dr
dlt=( 1-rr)*(lp(jt3,jr3)+1p(jt3,jr3+ 1) )*pi *abs(r+0.5*dr)*dr*dt
lt0=dlt+lt0
5002 continue
6002 continue
write(*, *)tdel/1 e-12,lt0/Ep0
write( 1, *)tdel/1 e-12,lt0/Ep0
goto 1562
endif
close(3)
close(l)
9000 stop
end

The following is the input file pp.dat:
0.532e-4 = lambda
23.0e-4 = w0
17. 60e-12 = tau
0.1 = length
0.0362 0.0362 = front and rear reflections
150 = div
100 = nr
10 = ns
1 = np
3.285 = alpha
2.80e-18 = sigma0
4.00e-17 = sigma
3.4e-17 = sigma2
13.00e-1 = taud
13.000005e-1 = taud2
2.80e-12 = taus2
8.00e-12 = taut2
2.000e-6 = E
-2.0 2.0 = zmin,zmax
42e-9 1 = fwhm,ntr
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